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Abstract 
The flammability of polymers has been receiving much attention in particular the 
corrosiveness and toxicity of smoke and other emission products generated during 
combustion. The aim of this study was to investigate the flammability behaviour and 
mechanical properties of natural rubber (NR) and chloroprene rubber (CR) with 
various flame retardants (FR) added. The processing and vulcanization of the NR and 
CR gum compounds was studied. Initial studies were carried out with a mixture of 
antimony oxide (ATO) and decabromodiphenyl oxide (DBBO). Other types of FR 
used in NR were aluminium hydroxide (ATH) and chlorinated paraffin (CP). Recent 
developments in more cost-effective tin-based fire retardants, zinc hydroxystannate 
(ZHS), in halogen compositions and halogen-free compositions, were also 
investigated. 
Compounds were prepared using a two-roll mill or an internal mixer. Cure parameters 
were obtained by use of an oscillating disc rheometer, and then compression moulding 
was used to produce tensile, Limiting Oxygen Index (LO!) and UL-94 test specimens. 
The morphology and thermal behaviours of selected systems were examined using 
scanning electron microscopy (SEM) and thermogravimetric analysis (TGA), 
respectively. Smoke emission properties was accessed with an NBS smoke box. 
Incorporating a mixture ofDBBOIATO at a 3:1 ratio to NR gum compounds required 
at least a 30% loading to achieve a VI rating in the UL-94 tests. This loading did not 
adversely affect the mechanical properties. Addition of ATH achieved a VI rating at 
a loading of 140 phr and an increase in char residue as shown in thennal analysis 
caused a significant reduction in smoke density. However, SEM studies showed that 
the presence of ATH particles led to low interfacial adhesion between the filler and 
NR matrix resulting in decreased mechanical strength. 
Neither ATO nor ZHS was effective as a single flame retardant in NR compounds. 
ZHS loaded at 20 phr in combination with 40 phr CP showed better flammability 
- - -; 
perfonnance. Results from the NBS smoke box showed that this compound gave 
lower smoke density compared to a similar compound with ATO in place of the ZHS. 
Incorporating CP as a partial replacement for ATH improved the tensile properties but 
at the expense of smoke generation. In general partial replacement of FR additives in 
NRcompounds by ZHS produced no synergistic improvement in fire retardant 
behaviour. 
The inclusion of ATO alone in CR significantly improved the flame retardancy of the 
rubber. Further additions of a brominated compound to CR were not necessary. 
Replacement of the ATO with ZHS at 2.5 phr loading was not effective in increasing 
LO!. 
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INTRODUCTION I 
1. INTRODUCTION 
Nowadays, polymers are widely used in industry to meet vanous market 
demands. These materials are used in a wide range of applications such as in 
construction, mining industries, transport, household appliances and other industries. 
Concurrently, the growth of flame retardants has also increased dramatically in recent 
years. Table 1.1 [I] shows various polymers used for flame retardant (FR) 
applications. It is well recognized that most polymers are flammable and therefore the 
use of FR additives are vital for a reduction in the fire hazard. Thus, FRs are playing 
a major role in the polymer industry by improving life safety. 
Table 1.1: Flame Retardant Applications [1] 
Polymer Applications 
EPDM Roofing and membranes 
EPDM,PVC, Wire and Cable 
HIPS TV and appliance cabinet 
ABS Business machine housing 
SBR Carpet backing and floor 
CR Rolls and belting 
PVC Wall coverings, 
Upholstery and auto 
1.1 Polymers Under Fire 
The reason most polymers have to meet FR standards is because fires cause 
damage to belongings and destroy peoples' lives. Fires occur commonly in our 
households, cinemas, hotels, buildings etc. According to statistics [2], in 1995, an 
annual worldwide death rate of 11,500 was due to fires and in the US (1994) the cost 
involving both prevention plus fire loss was about $135 billion. However a 
considerable effort in recent years, with regards to the environmental issues, has 
reduced the number of deaths. In the US between 1993 and 1994, a reduction in death 
due to fire of 7.8 % occurred, and in the UK a similar trend was also observed where 
deaths due to fire have declined significantly in the last few years [3]. 
It is well known that serious death and injuries caused by fires are more due 
to the toxic gases and smoke production than the fire itself. For instance, in 
elastomers, the typical toxic products emitted _ are ~carbon mcmoxide, hydrogen 
INTRODUCTION 2 
chloride (HCI) and hydrogen cyanide (HCN), which are very hannful in certain doses. 
In the UK the proportion of deaths attributed to smoke and toxic gases has grown in 
recent years from 55 % in 1980 to over 70 % in 1989 [4]. Other statistics [5] claimed 
that 40% of deaths in fires are caused by people overcome by smoke and toxic gases 
with up to a further 20% by bums and gas/smoke inhalation. Events of fatal death by 
fire, which often includes the involvement of fire and toxic gases, have been reported 
by other authors [6, 7]. 
1.2 Demand for Flame Retardants 
Based on the above facts there has been a rise in the demand for flame 
retardants for many years now. There are various types of FR on the market but there 
has been great concern about smoke emission and toxicity derived from burning fire 
. retarded polymers. The addition of FRs promotes the formation of incompletely 
oxidised decomposition products (C and CO) rather than a clean burn (C02 and H20). 
With the halogen type FRs, there is a concerri about the toxicity of hydrogen 
halides formed during combustion. There is also a plan from the European 
Community to restrict the use of brominated diphenyl oxide because of the highly 
toxic and potentially carcinogenic brominated furans and dioxin which may form 
during combustion [8]. Although toxic gas is developed during the combustion of 
halogen based FRs, there is still controversy about its threat to human health. In fact 
any contribution to the loss of human lives and property are outweighed by the risks 
in using them [5]. Because of the dense smokes produced, the risk of using halogen 
type FRs is more often normally related to the lack of opportunity to escape. This is 
thus, one of the main reasons for the higher demand for halogen free FRs in certain 
countries, despite the risk involved [9]. Overall, therefore, the FR should meet 
demands from consumers, new regulations regarding fire safety, standards and test 
methods. 
In terms of the usage of flame retardants in different countries, Table 1.2 [10] 
shows that out of907 000 metrics tons (mt) ofFR, 46.9 % were inorganic hydroxides 
followed by 27.1 % of the halogen types. The consumption of these FRs is led by 
North America followed by Europe. The consumption of FRs in Japan and Asia is 
lower. Even though the FRs containing halogen face problems with regards to 
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increased soot formation and smoke density, this type of FR is still widely used in 
Japan and Asia compared with other types ofFR (Table 1.2). 
Table 1.2: Estimated Metric Tons of Flame Retardant Used in 1995 [10] 
Flame retardant North Europe Japan Asia Total 
America Cl 03 metrics tons) 
Halogen 79 73 45 49 246 (27.1 %) 
Phosphorus 46 59 11 17 133 (14.7 %) 
Sb oxides 23 20 16 13 72 (8 %) 
ATH 232 120 42 8 402 44.3 %) 
MH 6 11 5 2 24 2.6 %) 
Other 19 6 4 1 30 (3.3 %) 
Total 405 289 123 90 907 
1.3 NR over Synthetic Elastomers 
The major materials of interest in this study were elastomers such as natural 
rubber (NR) and polychloroprene (CR). Most rubbers, except CR are inherently 
flammable. In order to achieve flame retardancy, some basic considerations must be 
taken into account including the chemistry of the base elastomers and compounding 
ingredients, processing and testing constraints. 
Initially, NR was widely used for belting and cables due to its outstanding 
properties such as tensile strength, abrasion resistance and fatigue resistance. 
Nevertheless, it had a limitation owing to its carbon and hydrogen structure and was 
flammable. In service, the flame retardancy requirement is essential and this has 
created a marked change in the application of NR with its replacement by synthetic 
elastomers in certain areas such as underground mining, insulations, subways etc. 
In 1997, the total NR consumption in Malaysia was 326, 898 metric tons (mt), 
whilst, in 1996, it was 357.430 mt [11]. The reduction was about 8.5 % and it was 
predicted that it would continue to decline over the next two years. Comparison of 
usage in other regions showed a contradictory situation with the consumption of NR 
still increasing but at a slower rate. However, at present, the prospects for synthetic 
. elastomers, are quite encouraging. The forecast for the consumption of synthetic 
elastomers over the next five years (1999-2003) predicts an increase of 2.7% per 
annum for a totalincreas_~of 14% to l}.9 million metrictons by 2003 [12]. 
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Another statistic released by the Malaysia Rubber Board (MRB) [l3], 
indicated that the total export of Malaysian rubber products, which include latex, tyres 
and industrial goods was valued at about RM6,491 million (Malaysian llinggit) which 
is equivalent to £1,100 million in 1998. This declined to £1,021 million in 1999 and to 
£963 million in 2000. Nevertheless, interest from Malaysia, as well as the sponsor of 
this work, MRB, in value added products involving NR, synthetic elastomers, and its 
blends, is still high. However, this decline in use, as well as competition from the 
synthetic polymers, drives the rubber compounder to consider various options or to 
move towards diversification, all of which have an impact on the rubber industry. 
1.4 Flame Retardants 
It is clear that any polymer cannot be prevented completely from burning in a 
fully developed fire [14]. Therefore, the objective of adding a FR is to delay the 
burning process through modification of the polymers' behaviour in a flame at the 
early stages of pyrolysis. Suitable measures at this point can effectively and 
permanently influence processes such as ignition, flame spread and heat release [7]. 
If this is not achieved the fire will grow and engulf more objects after reaching the 
flashover point during the growth phase of a fire. 
Generally, the effectiveness of the FR is dependent on matching degradation 
curves (TGA curves) between the flammable polymer and the FR additives [15]. The 
function of the FR additives, if properly selected, is to efficiently suppress the burning 
process at the critical stage of the fire propagation. As a consequence, significant 
reductions of fire losses can be achieved by using flame retarded polymers. 
There are several approaches to making polymers flame retardant, which have 
been established since the 1970s, and the use of physical additives is favoured. The 
additives are incorporated at the compounding stage and must be stable at the 
processing conditions. There is no single FR that is effective on all types of polymers. 
In many cases, different types of FRs are combined to achieve optimal performance 
(synergistic approaches) and amongst several examples are the combinations of 
antimony trioxide (ATO) and halogen; ATO, zinc borate and alumina trihydrate 
(ATH) etc. 
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Alternatively, reactive FRs which involve modification of the polymer 
backbone are also employed. A typical example is the use of reactive intermediate, 
dibromoneopentylglycol (DBNPG) in brominated polyester thermoset [16] and in 
epoxidized liquid natural rubber (ELNR), by introducing phosphorus atoms on the NR 
backbone [17]. 
FR additives can be classified into 4 categories i.e. halogenated compounds, 
phosphorus compounds, metallic oxides and inorganic fillers. An alternative 
classification is given by Schultz [1]. The author listed several key characteristics 
such as function, chemical class, the reaction phase and normal level of incorporation. 
Included under function were metal (Oxide: antimony), halogen donor (Cl, Br), char 
promotor & smoke suppressant (Borate, zinc), quencher (Hydrate: AI, Mg) and 
plasticizer (phosphate). 
1.5 Tin compounds 
During the past decade, an increasing awareness of the disadvantages of 
certain FRs, which are used in practical compound formulations, has resulted in the 
development of tin compounds for use in polymeric materials. Hydrous tin (IV) oxide 
has been used as a FR to confer flame resistant properties on cotton and other 
cellulosic materials and recently tin salts have been used on woollen sheepskins and 
rugs [18]. 
Although the mechanism of tin compound as FRs (ZHS, ZS) is not yet 
precisely clear, their success in the inhibition of the burning process as well as active 
smoke suppression is very promising. Cusack and co-workers [18-21] have 
investigated extensively the effect of ZHS/ZS on the flammability and properties of 
several polymers~ (Section 2.7) 
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1.6 Aims and Objectives 
Since the consumption as well as the export of natural rubber is declining there 
is an impetus to investigate possibilities for adding value such as fire resistance. The 
aim of this work was to investigate the flammability behaviour and mechanical 
properties of commercially important natural rubber (NR) and chloroprene rubber 
(CR) with various flame retardants added. In particular the possible advantages to be 
gained from using tin compounds, as both flame retardants and smoke suppressants, 
in comparison with established systems was investigated. In order to achieve these 
aims the following specific objectives were set. 
• Determine the conditions for compounding and curing NR and CR when using 
a range of flame retardant additives .. 
• Determine the effect of using different levels of aluminium hydroxide (ATH), 
chlorinated paraffin. (CP), and a mixture of antimony oxide (ATO) and 
decabromodiphenyl oxide (DBBO). 
• Investigate the outcome of using zinc hydroxystannate compounds (ZHS) in 
combination with both halogenated and halogen-free fire retardants 
• Measure the flammability of moulded compounds using UL-94, LOI, and 
smoke density tests. 
• Evaluate the influence of fire retardant additives on mechanical properties such 
as hardness, cyclic fatigue resistance, tensile and tear strength. 
• Seek to provide explanations for the results obtained using thermal analysis 
and electron microscopy. 
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2. • LITERATURE SURVEY 
2.1 Burning Mechanism 
Since all natural and synthetic rubbers contain carbon and hydrogen, they are 
combustible. To date, there are no elastomers;which are completely non-combustible. 
Therefore, almost all rubbers have a high degree of flammability except a few, which 
are self-extinguishing, such as polychloroprene (CR) and silicone rubber. Hypalon 
rubber (CSM) and chlorohydrin rubber (ECO) have a low burning rate, and 
fluorocarbon rubber (FKM) is the least flammable rubber of all [22]. 
Generally, according to Lawson [23], the combustion of an organic polymer 
involves chemical and physical processes, which occur both within the polymer and in 
the surrounding gas phase. During the process, combustible (CO, hydrogen) and non-
combustible gases (halogen halides, amines, CO2, fluorocarbons or phosphorous) are 
evolved. In addition, a char (solid products) is also produced on the polymer surface. 
Besides some toxic gases, smoke generation is also highly important today as it does 
contribute to death and injuries caused by fires. There are several factors, which 
influence the ignition, amount of heat, fuel and smoke' produced. Thus, rubber 
flammability depends upon its basic chemical structure, the intrinsic flammability of 
volatiles and the ratio of combustible to non-combustible matter in the gas phase 
during combustion [24]. To formulate an ideal flame-retardant polymer or elastomer 
system, the fundamental mechanism of the burning process must be understood. 
The three most important factors required to sustain the blirning process are an 
ignition source (input of heat), fuel (polymer itself) and oxygen (oxidizing agent). ·If 
one of the components can be eliminated, the flame eventually will stop or slow 
down. To elucidate this point, a simple diagram which represents the combustion 
cycle, is shown in Figure 2.1. As mentioned by Seddon R. [25], the combustion cycle 
comprises five stages, which are heating, degradation or decomposition, ignition, 
combustion and propagation. 
LITERATURE REVIEW 
i i i 
FLAME 
tttt 
HEAT ----. POLYMER 
Combustion 
products 
Decomposition 
products 
Figure 2.1: Simple Representation of the Polymer Combustion Processes [26] 
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Degradation occurs with the breakdown of hydrocarbon chains over a certain 
range of temperature (from the supplied heat). When the rubber starts to decompose 
(pyrolysis reaction), flammable products/volatile gases are produced. These products 
will diffuse into the flame zone. In the flame zone, oxygen from the surrounding 
atmosphere plays an important role. The volatile gases will react with oxygen by a 
free-radical mechanism. The free radical mechanism is based on the oxidation of 
hydrocarbon polymers, which occurs in the gas phase, and can be illustrated as 
follows [27]. 
Initiation 
Propagation 
Chain Branching 
RH 
R·+ O2 
ROO·+RH 
ROOH 
RO·+RH 
HO·+RH 
Heat 
R· +H· 
ROO· 
ROOH +R· 
. RO· + HO· 
ROH+R· 
HOH+R· 
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Further heat is generated in the flame and the adjacent rubber surface by this 
reaction. During the combustion, it has been recognized that the highly reactive 
radicals (OH·, H·) are contributing in the flame propagation rate. Propagation and the 
chain branching steps that were responsible for producing free radicals will keep the 
burning continuous. A sufficient amount of oxygen is also essential. As mentioned 
earlier, as a result of the pyrolysis reaction, combustion products (CO, CO2, smoke) 
will be generated. 
2.2 Methods of Retardancy 
It has been established that every stage of the burning cycle can be interrupted 
by several means. Therefore it is essential to identify the appropriate stage where a 
particular flame retardant is applicable. Normally, the selection of flame retardants is 
based on the followings: 
• Application in which the polymer is being used 
• Compatibility between the flame retardant and the polymer substrate 
• Types of decomposition products from the pyrolysis reaction 
• Composition of polymer and the flame retardants 
From the rubber compounder's point of view, flame-retardants should impart 
retardancy to the rubber and not have a detrimental effect on its physical and 
mechanical properties. Therefore, the purpose of the flame retardant is to reduce the 
degree of flammability, although it may not prevent completely the burning process. 
Selection of certain polymers which are inherently non-flammable or self-
extinguishing is also common. But in terms of cost this can be quite expensive. Other 
approaches involve the modification of the hydrocarbon chains by the inclusion of 
special monomers, which will confer a retardancy effect. As mentioned previously 
(Section 1.4), the most popular approach is the use of additives. 
The common additives are mainly based on the elements; aluminum, 
antimony, boron, bromine, chlorine, phosphorus and more recently tin compounds 
[21J. Several approaches have been used which apply to different phases of the 
combustion process. The modes of action of flame retardants occur either in the 
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condensed phase or in the gas/vapor phase, or both of these states. Common methods 
of flame retardancy have been reviewed by several authors [23, 24, 27]. In this report, 
they will be divided into three main categories. 
2.2.1 Physical Barrier/Coatings 
This action normally occurs in the condensed or solid phase. Through the 
pyrolysis reaction, a solid residue is formed on the polymer surface. The residue is 
also known as carbonaceous char. The action is to provide a physical barrier that will 
prevent heat from the flame further reacting with the polymer substrate, hence, 
suppressing the formation of new pyrolysis products. In addition, it excludes oxygen 
from the atmosphere in supporting the burning process. Flame retardants which 
contribute to this barrier are borates and phosphates. Other systems such as inorganic 
fillers act differently, but still form a protective barrier, in addition to water vapour on 
the polymer ·surface. Certain halogen compounds also have been reported to form 
carbonaceous char [27]. 
Char formation has become an important aspect in flame retardancy. It is 
considered to be a means of smoke suppression. This layer should be thermally stable 
and compete favourably with the rate of volatile decomposition products. The fact that 
the char rate is more important than the char yield was suggested [28]. 
The work of Carty and White [29] showed that the incorporation of iron 
compounds into a blend of ABS, PVC and PP produced highly active carbonaceous 
char during combustion. A significant reduction in smoke production was the result. 
The improved smoke performance has also been achieved in wire and cable insulation 
containing halogenated additives in combination with small amount of an iron 
compound and the incorporation into the formulation of a surface modified talc [30]. 
It was found that the combinations tended to maximize char. This indicates that the 
char barrier approach is a fruitful technique in searching for alternatives to the 
halogen system. This method can also give the best performing systems if optimised. 
Recent interest in nanocomposite is growing in the development of methods 
for rendering polymers flame retardant. Polymer-clay nanocomposites have 
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demonstrated FR properties, such as a reduction of peak heat release rate, formation 
of protective char, and decrease in the mass loss rate during combustion. However 
there is often the problem of the incompatibility of clay with the polymer matrix. 
Under ideal conditions [31], these essentially ceramic clay layers should reinforce the 
protective layer formed by the charring polyene. 
2.2.2 Free Radical Entrapment 
The mechanism of interruption in this case is concentrated on a free. radical 
reaction, which occurs during the vapour phase. The high degree of flammability 
corresponds to the production of reactive radicals i.e. hydroxyl and hydrogen radicals. 
This method of flame retardancy involves the elimination or removal of these active 
radicals, by reactions with HX (hydrogen halides) and their replacement with less 
active radicals. The flame retardant is usually a halogen-containing compound. The 
effectiveness of the flame retardant effect increases in the order F<CI<Br<I. 
Nevertheless, the common halogens used are chlorine and bromine. This is due to the 
strong carbon halogen bonding for fluorine, and too loose bonding for iodine, and the 
fact that neither of them interferes with the combustion process at the right point [25). 
Bromine, on the other hand is more effective than chlorine because of its weaker 
bonding to carbon. In addition, bromine is released over a narrow temperature range, 
so it is accessible in optimal concentrations in the flame zone. At present, halogen 
compounds are widely used in combination with antimony trioxide. This system has 
been utilized extensively in industry to provide synergistic effects in the flame 
retardant compound. 
It is has been recognised that ATO alone does not work as a FR but acted as a 
synergist for halogen FRs. Although ATO has several drawbacks, it has continued to 
be used simply because no viable alternative has existed. During the burning process, 
hydrogen halide is emitted from the halogen compound and reacts with antimony 
trioxide to form antimony oxychloride. Further reaction will produce antimony 
trihalide (SbX3), which forms white fumes which act as an air barrier. The SbX3 acts 
as the flame retardant in a similar way as HX. In addition, the SbX3 will also break 
down to form HX [25). As mentioned by Walker [27), the function of the antimony 
compound is thus to produce the inhibiting species (HX) in the right place at the right 
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time. Hence the inhibiting specIes function as free radical traps and stops the 
combustion mechanism. 
2.2.3 Endothermic Reaction 
Price and co-workers [26] have categorized fillers into two types i.e. active 
and inert fillers. Aluminum and magnesium hydroxide are classified as active fillers, 
and inert fillers include calcium carbonate, carbon black and silica. The choice of type 
depends on the polymer system used. This method involves materials, which when 
they decompose produce vapour, mainly H20, which will lower the temperature rise. 
Since the process is an endothermic reaction, it absorbs heat and thus reduces the 
amount of heat in the burning region of the polymer. As mentioned previously, upon 
decomposition, water vapour is evolved and dilutes the combustible gases and thereby 
further suppresses the burning process. 
The active fillers act as flame-retardants as well as active smoke suppressants. 
Meanwhile the inert fillers give marginal improvements, and to provide sufficient 
effect, large quantities have to be incorporated [26]. This is due to the fact that the 
amount of heat per unit weight absorbed by the endothermic reaction for the active 
fillers is great compared to inert fillers. However, both inert and active fillers provide 
a diluents effect by having a less combustible substrate [26]. A disadvantage of these 
systems is that a high amount of fillers is required to give sufficient retardancy, 
compared to some other flame retardants systems. Thus mechanical properties can 
also be considerably affected and thus limit usage in industrial applications. 
2.3 Experimental Techniques for Testing Fire Retardancy 
To meet certain product specifications, materials have to conform to certain 
standards, which are outlined in fire safety regulations. There are many test methods 
in these regulations, which rubber compounders have to follow depending on the type 
of product. The test methods, which will be presented in this work, involve 
experimental procedures following ISO and British Standards, and mainly are small-
scale excluding the cone calorimeter method and smoke density measurements. 
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Although some of these laboratory tests do not resemble a real fire situation, they are 
useful in producing comparative data. 
2.3.1 Limiting Oxygen Index (LOI) 
The concept of this test is to measure the minimum percentage of oxygen in an 
oxygenlnitrogenmix that is required to just support burning or combustion. The test 
sample is supported vertically, as shown in Figure 2.2 [32] and a flame applied for 
five seconds at a time until it is starts to burn. The maximum total duration that the 
flame is applied is 30 seconds. This test is carried out at room temperature and is in 
accordance with BS 2782 Part I:Method 141 [33]. Oxygen index is a quantitative 
measurement, where a sample which exhibits a high value of LOI will have lower 
flammability and vice versa. In addition, it is more economical and simple in te=s of 
operation. Therefore; it is still widely used in small laboratory tests. However, the 
usefulness of this test is questionable as stated by Rothon [34] because the LOI data 
fails to correlate with other flammability tests. 
Test piece ---
Holder --------~~ 
Wire Gauze -----I~ 
-,$ ., 
rj-- Ignition flame 
~ 
... ~ .'.-
Figure 2.2: Limiting Oxygen Index (LOD in Accordance with BS 2782 [32] 
2.3.2 Underwriters Laboratory (UL-94) 
This test is often used in small laboratories. The aim of the test is to describe 
the burning characteristics of a polymer. Samples with dimensions of 127 mm x 12.7 
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mm and thickness in the range of 1.6 to 3.2 mm are clamped in a vertical position and 
ignited at the bottom with a Tirrel burner (Figure 2.3). The test is usually carried out 
in a fume cupboard. The ratings VO, VI, V2 and fail are used to describe the burning 
characteristics, which relate to the burning time, afterglow phenomena and presence 
of flaming drips. (Detail explanations are given in section 3.2.9). The disadvantage of 
. this test is that it is very dependent on the sample thickness. Hence, with a sample 
thickness of 1.6 mm it is difficult to achieve a VO rating, compared with samples of 
3.2 mm thickness. Therefore, in terms of comparing results using this test, the 
thickness of the sample should be the same. 
In addition to characterising the burning process, this test can also be adapted 
as a measure of ignitability. As before the Tirell burner is used but the time varied 
until the time to achieve lasting ignition is found [34]. 
BURNER 
12.0" 
COTTON 
Figure 2.3: UL-94 Test Setup [35] 
2.3.3 Horizontal Burn Test 
Underwriter Laboratories also include a horizontal burn test, UL-94 HE [36], 
in their standard. In this test, samples (127 mm x 12.7 mm) are marked at 1 inch and 
4 inches from one end of the specimen (thickoess 3 mm). They are clamped 
horizontally at one end and a flame is applied using the Tirell burner at the free end . 
for 30 seconds. Time and burning distance is determined when the samples continues 
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to burn after the removal of the test flame between the 1 inch mark to the 4 inches 
mark. The rate of burning is also calculated. A material that is less than 3 inches in 
thickness will be designated as 94HB (Horizontal Burn) if it has a burning rate ofless 
than 3 inches per minute or stop burning before the 4 inches reference mark. Full 
details of the test method can be found in the UL-94 procedure [36]. 
2.3.4 Smoke Density Measurement (BS 6401:1983) 
A high density of smoke can cause problems in evacuation or rescue attempts 
in enclosed fires. In addition, most people die in fires because of the inhalation of 
smoke. Therefore, it is important to test the density of smoke that is produced from 
burning samples. This is carried out in a closed chamber where the sample is 
subjected to a radiant heat source of 25 kW/m2 • The principal of the NBS smoke 
chamber is depicted in Figure 2.4. Measurements are based on the intensity of the 
light detected by a photo-detector and minimum percentage values of light 
transmission are determined. A graph is plotted of light transmission as a function of 
time for each sample. Specific optical density (Ds) is calculated using a method 
defmed in the British Standard 6401 :1983 [37]. This test can be made with or without 
a pilot flame. 
r--ilriii 1t;;·J-I- Pholodelector 1~~'11 ________________ ~ 
Pholomeler 
-Light beam 
r- Infrared radiator 
,Specimen 
..... r t 
specimen mell 
Six tube. burner 
Light source 
Figure 2.4: Principle of the NBS Smoke Chamber [3] 
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2.3.5 Cone Calorimeter Method (ISO 5660)· 
This is becoming an increasingly important test method. Basically, the testing 
equipment comprises an external heater (conical form), an ignition source and a gas 
collection system [38]. Samples are burned in ambient air conditions and subjected to 
heat. The heat is applied .using the external heater, which has a range between 0 and 
100 kW/m2. In practice, a range of 25-75 kW/m2 is normally used [38]. The cone 
calorimeter is often used to determine the heat released from a burning samples, and 
several other parameters such as time to ignition, mass loss rate, total heat release and 
smoke evolution. The heat release is considered as a direct measure of the fue size. 
So a high rate of heat release generates large flames which indicates high radiation 
feedback to the surface of the product causing the rate of the fire growth to increase. 
The calculation of the heat release is based on the quantity of oxygen consumed 
during the combustion process. The relationship states that an amount of heat 
approximately 13.1 x 103 kJ is released per kilogram of oxygen consumed by most 
common combustibles materials [39]. Thus heat release rate per unit area can be 
calculated according to the procedure described in ISO 5660-1:1993 [39]. 
Evaluations on polyester reSInS based on reactive chlorendic anhydride 
(halogen compounds) were carried out·using a cone calorimeter. The results [40] 
showed that zinc hydroxystannate (ZHS) reduced the average and peak rates of heat 
release by 40 % approximately in comparison to a: control compound. Antimony 
trioxide (ATO) gave only a 20% reduction in the maximum rate of heat release. In the 
case of the LOI tests, however, the addition of ATO seems to give a higher LOI 
(lower flammability) value compared to when ZHS was incorporated. These results 
contradict the data obtained from the cone calorimeter. This indicates a poor 
correlation between LOI tests and the cone calorimeter techniques when testing the 
fire retardant properties of ZHS and ATO in polyester resins [40]. The study [40] also 
measured the smoke density using the NBS smoke box for polyester containing ATO 
or ZHS. A positive reduction was seen in the smoke density measurement with the 
incorporation of ZHS. It was found that the results from the NBS smoke box were 
more comparable with the data from the cone calorimeter. This shows that the test 
method chosen is also critical in assessing the flame behaviour of certain polymers or 
when making predictions of the fire performance. 
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2.3.6 Other Flammability Tests 
Apart from the above mentioned tests, there are many tests which are related 
to the finished product. These are large-scale tests which are often used to evaluate 
products in practical fire situation. Table 2.1 lists a few examples of these product 
tests. 
Table 2.1: Flammability Tests 
Designation Description Characteristic measured 
ISO 9705 Test method for burning Heat release and smoke 
behaviour of. surface lining 
materials used in buildings 
ISO 5658 LIFT Spread of Flame Lateral .. IgrntlOn and 
Apparatus flame spread test 
ASTME 108 Fire tests of roof coverings Flame spread 
. 2.4 Elastomers 
2.4.1 Natural Rubber (NR) 
Natural rubber (NR) comes from latex (white .serum) through vanous 
techniques. Generally, it is coagulated and processed into solid dry rubber. Apart from 
the dry rubber content, other non-rubber constituents also exist such as an extractable 
acetone, protein, moisture and ash. There are different types of NR and the type 
depends on the method of production. Table 2.2 shows different types ofNR, the 
grading is based on the amount of the hydrocarbon, non-rubber particles, appearance, 
latex or field grade material, and other parameters [41]. 
Table 2.2: Different Types of NR Grades 
Latex Grades Field Grade Sheet Blend 
Material Material 
SMRCY* SMR 10 SMR5 SMRGP* 
SMRLY* SMR20 
SMRL SMR50 
SMRWF 
.. 
*Ylscoslty StabIlIsed 
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Based on its hydrocarbon constituents, NR has an empirical fo=ula of 
(CsHS)n. It consists of about 99.99% linear cis-1,4 polyisoprene [41] and the repeating 
units are shown in Figure 2.5. In addition to its hydrogen and carbon structure, NR is 
a non-polar rubber, so the NR vulcanisates swell less in aromatic oil (high polarity) 
and greatly in paraffinic oil (low polarity). 
Figure 2.5: Natural Rubber (NR) 
Due to the unsaturation sites in the structure of NR, it is susceptible to 
degradation caused by oxygen and ozone. However this double bond enables NR to 
be crosslinked by sulphur. It can also be crosslinked by peroxide cure systems. 
Practically, sulphur vulcanisation is preferable and more widely used compared to 
peroxide systems because sulphur curing produces superior mechanical properties in 
rubbers. NR is known as a high crystalline rubber at low temperatures or during 
stretching. The crystalisation is due to the stereoregularity structure of NR. Hence, 
NR vulcanisates have high gum strength properties. The strength is much greater if 
filled by reinforcing carbon black. For example, tensile strength ranges from 24 to 32 
MPa [41]. Generally, properties of NR compounds are dependent on several factors 
such as compound viscosity, type, and amount of fillers, degree and type of crosslinks 
etc. 
NR can be compounded usmg conventional, semi-efficient and efficient 
cross link systems. The type of crosslink is characterized by the amount of sulphur 
used in a rubber fo=ulation. No=ally, a conventional system produces more 
polysulphidic crosslinks, whereas, efficient crosslink produces monosulphidic, and 
semi-efficient produces crosslinks which lie between conventional and efficient 
crosslinks (EV). As a result, high tensile and tear strengths are achieved using 
conventional crosslink systems. On the other hand, an application that requires high 
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thermal stability often utilises efficient vulcanisation with respect to its monosulphidic 
links. These links are associated with high dissociation energy. The bond energy of a 
-C-S-C- (monosulphidic) is at 285 kJ/mole, higher compared to -C-Sx-C-
(polysulphidic), which exhibits bond energy less than 267 kJ/mole. Therefore, EV 
systems impart a better stability compared to conventional systems. 
In terms of processing, NR has excellent processing behaviour due to its broad 
molecular weight distribution. Dry NR rubber has a molecular weight of about 106. 
Therefore, it is too hard to be processed directly and it is very 'nervy' [41]. In other 
words, it is a very elastic material initially. Thus, during processing, mastication at the 
early stage is necessary for NR. Mastication can be defined as a breakdown of the 
polymer chains. After this stage, other compounding ingredients can be easily 
dispersed and compounded in the rubber. 
2.4.1.a Flame Resistance of NR 
Since NR is composed of hydrocarbon chains, it has poor flame resistance. PR 
additives/fillers are commonly incorporated to enhance the flame properties. NR with 
these additives are expected to exhibit self-extinguishing properties once the source of 
heat is removed. FR additives used in NR are based on both inorganic and organic 
ingredients. Among the inorganic ones are clay, calcium carbonate (CaC03), 
magnesium carbonate (MgC03), aluminium hydroxides, magnesium hydroxides and 
zinc borate. Organic flame-retardants that are commonly used in NR are chlorinated 
paraffins, brominated aromatics and polychlorinated alicyclics. 
A study was made by Mathew G et al. [42] which evaluated different types of 
inorganic fillers and their influence on the processing, technological properties and 
flanunability of NR vulcanisates. At 40 phr loading, talc and mica powder increased 
the LOI value of NR vulcanisates and did not have a detrimental effect on the 
properties. Whilst, the inclusion of alumina, produced the highest LOI· value, 
however, with the same loading of talc and mica powder it significantly reduced the 
physical properties. 
,---. --' - .~~-~~ 
----------
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Karak and Maiti [43] have studied the flame retardancy ofNR with only ATO 
added. They found that by adding up to 10 and 20 phr of ATO, no effect.on flame 
retardancy was observed. Hence, a synergist effect using a combination of ATO and a 
. halogenated compound was generally used in NR [44]. The effective ratio of halogen 
to ATO is 3:1. Further enhancement could probably be achieved by adding zinc 
borate, molybdenum oxide, ammonium polyphosphate or zinc stannate. These 
combinations may decrease the evolution of smoke. 
2.4.2 Polychloroprene Rubber (eR) 
Polychloroprene rubber (eR) is also known as Neoprene. It is available in four 
different families: G, W, S and T -types and various grades within each family. They 
differ from each other in terms of cure rate, processing characteristics and some 
vulcanisate properties. Several parameters of the manufacturing process of eR 
influence the type of eR produced. For example, different modifiers used during 
polymerisation produce many product variations. The most common types are called 
sulphur modified polychloroprenes and mercaptan modified polychloroprenes. 
However, a detailed explanation is not given in this report. 
In companson with NR and SBR, eR provides the advantage of having 
chlorine atoms in its structure. Thus, eR is a polar rubber which has good resistance 
to swelling in non-polar liquids. In addition, the chlorine atoms also give eR a better 
flame, weather and ozone resistance than other elastomers such as NR and SBR. 
Unlike other elastomers, metal oxides are commonly used as curing systems in eR. 
Although eR possesses double bonds (Figure 2.6), which are important sites for 
sulphur cross linking, the existence of the chlorine atoms hinders the bond and is the 
reason for the inability of sulphUr to form crosslinks. The common cross linking agents 
are zinc and magnesium oxides. The amount that is usually used in the industry is a 
combination of 4 phr of MgO with 5 phr of ZnO [45]. There is no additional 
accelerator necessary with sulphur modified grades. In mercaptan eR grades, 
however, ethylene thiourea (ETU) is often used in addition to MgO and ZnO. The use 
of ETU is nevertheless limited because of its toxicity. 
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Owing to the trans-l,4 configuration, neoprene has a tendency to crystallize, 
similar to NR. As a result, CR gum vu1canisates have high tensile strength. The 
addition of mineral fillers such as clays, whitings, silicas, and metal oxides have 
different effects on the properties of CR and are dependent on the activity of the filler. 
However, the inclusion of carbon fillers is essential if properties such as abrasion and 
tear resistance are required. Although CR rubbers have better resistance to ageing 
than vulcanisates from other diene rubber, antioxidant based on diphenylamine is 
commonly used. During compounding, stearic acid is commonly used as an activator 
in NR compounds and in CR. Small amounts (0.5 phr-l.O phr) are used primarily as a 
release agent to avoid compounds sticking to the rolls [46]. 
Figure 2.6: Polychloroprene Rubber 
2.4.2.a Flame Resistance of CR 
CR is a flame resistant elastomer. This is due to the chlorine content. It is also 
generally known [47] that CR loses hydrogen chloride at temperatures between 300° 
and 400°C, which plays an important role in modifying the chemical reactions 
occumng in the flame. In addition highly crosslinked char residue is formed. 
However, CR vu1canisate should be compounded properly to achieve the self-
extinguishing requirement when the flame is removed. In order to retain this inherent 
property, compounding ingredients, which are combustible such as petroleum oils, 
should not be used in large quantities. Several authors [45, 48] have suggested that 
these petroleum plasticizers should be replaced with chlorinated paraffins, phosphate 
esters and low molecular weight CR when fillers are used to ease the processing and 
thus lessen the effect on the fire and physical properties. 
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The incorporation of higher loading of mineral filler gives better flame 
resistance. Suitable types of mineral filler are clays, calcium silicate, hydrated silica 
and hydrated alumina. Conversely, calcium carbonate tends to reduce the flame 
resistance of CR vulcanisates by absorbing the released hydrogen chloride. Carbon 
fillers are necessary for tear and abrasion resistance, but they diminish the flame 
resistance and give an undesirable 'afterglow' phenomena. In this case, the use of zinc 
borate is essential as an afterglow suppressant. Antimony trioxide is also normally 
added into CR to reduce the duration of burning. About 2 to 3 parts of antimony give 
a marked improvement in flame resistance and the flame is extinguished immediately. 
In spite of its advantages during burning CR produces toxic and corrosive 
products that could affect the surrounding people and material. Therefore, the need to 
reduce smoke release and reduce flammability is becoming more demanding. Hornsby 
et al. [49] evaluated the combination of tin compounds with the inclusion of 
chlorinated paraffin, which imparts the previously mentioned characteristics. From 
their investigation, it has been proven that tin compounds act in the condensed phase 
by producing char. This provided a barrier to prevent further reaction between the 
fuel/polymer with oxygen and the combustion products and as a result this has an 
effect on the reduction of smoke and toxic gases. 
2.4.2.b Application of eR 
A review by Tsou D. [32] showed that CR is still widely used in conveyor 
belts and cables for underground mining applications. This is due to its overall set of 
desired properties such as excellent FR properties, resistance to weathering and ozone, 
high tensile and tear strength, resistance to aging and heat etc. Its major drawback is 
smoke evolution and therefore the potential of ethylene acrylic elastomer has been 
recognized as an alternative to CR. Nonetheless, this possible replacement still lacks 
sufficient strength and abrasion resistance, which is imperative Jor mining 
applications. 
Kundu et al. [50] investigated the influence of blend composition of CR with 
poly[ethylene(vinylacetate)] (EVA) on the physical, flame retardancy, dielectric 
aging, and solvent resistance properties. The purpose was to develop a compound for 
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application in the cable industry. However, the main limitation of CR is its oxidative 
degradation and deterioration of properties on ageing at high service temperature. So 
CR is blended with a polymer of saturated backbone in order to improve its high 
temperature properties. In terms of flame retardancy, it was observed that as the 
amount of CR increased, the LOI of the blends increased. The LOI increased linearly 
up to 50% CR, beyond which the LOI value increased sharply [50]. The authors, 
however, did not report any smoke measurements. 
2.5 The Use of Mineral Fillers as a Flame Retardant 
Aluminium hydroxide is commonly used in normal practice as a mineral filler 
with the added benefit of flame retardancy in NR and synthetic rubber. When 
flammability is the main concern, aluminium hydroxide often replaces calcium 
carbonate or clay fillers, which have no significant effect on flammability. It has the 
chemical formula Al(OH)3 and is sometimes known as Alumina trihydrate or 
Aluminium trihydroxide, also commonly abbreviated to ATH. 
It is manufactured synthetically from bauxite which is generally reddish brown 
in colour. Bauxite is digested in caustic soda to give a solution of sodium aluminate, 
. from which ATH is crystallized. Particle size and other properties such as impurity 
levels etc are controlled to adjust the properties of ATH to the various requirements of 
different polymers [51]. In other words, ATH can be supplied with various ranges of 
particles sizes, shapes and surface treatments with regard to particular applications. 
Generally, ATH is white, and importantly, a non-toxic filler. It possessed specific 
gravity of2.4 and has Mohs' hardness of around 3. 
The mechanism of fire retardancy of ATH i~ based on endothermic 
decomposition. The retarding effect of A TH begins when it decomposes in the 
temperature range of 200-220ac. At above 200ac, ATH decomposes to aluminium 
oxide and releases gases, particularly water vapour, according to the following 
equations: 
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Approximately 34.6 % loss in weight occurs as the water is released during 
complete decomposition [34]. During combustion, a portion of heat will be transferred 
back to the polymer, causing its temperature to increase further and pyrolysis to 
proceed at a greater rate. By acting as a heat sink, ATH absorbs partially the heat of 
combustion which is responsible for further .combustion. This will reduce the 
pyrolysis and hence the burning rate of the elastomer. A delay in flame spread is 
observed when ATH is used compared with halogenated compound. Furthermore it 
can reduce visible smoke formation. It was reported that the smoke suppressant effect 
of ATH inmost polymer systems is due to the promotion of solid-phase charring in 
place of soot formation . 
. ATH is suitable for polymers with a decomposition range of 200-400°C. This 
is because in order to function effectively, the FR must decompose at a temperature 
similar to that of the polymer. For application that required processing temperature 
above 200°C, magnesium hydroxide (Mg(OH)2) with a decomposition temperature of 
340°C, is preferred. Therefore, if thermal stability is essential, it is currently used in 
areas which had previously been dominated by ATH. Although its price is more 
expensive than ATH, Mg(OH)2 is consumed in much lower volumes. In addition, 
there has been a lot of developmental work from the end product manufacturers, 
plastic compounders and Mg(OH)2 producers. Hence, the growth rate of Mg(OH)2 IS 
much higher compared to other FRs [51]. 
Similar to ATH, the smoke suppressant properties of Mg(OH)2 and 
magnesium carbonate in various polymers was also observed and reported by several . 
authors [52, 53]. A study by Kirschbaum [54] showed that evolution of smoke in 
EPDM can be reduced even more by a blend of ATH with Mg(OH)2. Therefore, he 
suggested that there was a synergistic effect between ATH and Mg(OH)2 blends. 
Another similar mineral to Mg(OH)2, BMC (basic magnesium carbonate), can also 
give lower smoke evolution when used together with ATH. Hastbacka M. A [53] 
investigated the replacement of clay filler with an ATHlBMC in EPDM compounds. 
The author concluded that this blends had a great potential in inhibiting smoke 
release, flame spread and increase in resistance to igniiion. He also pointed out that 
the flammability behaviour could lead to further improvements if the compound 
formulations were optimized. 
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In general, ATH with other FR have been used in synergistic mixtures to 
increase fire retardancy and to make lower filler loadings possible. For example, a 
significant reduction in total filler loading was achieved by using ZHS/ ATHlnano-
clay system in EVA compounds [55]. However, the synergistic behaviour is not as 
great as in the combination of ATOlhalogenated compounds. In many cases, the FR 
effects were purely additive. In CR filled with clay, there was no evidence of . 
synergism between ATH and ATO as reported by Thompson et. al. [56]. On the other 
hand, ATH was added to suppress smoke evolution. As for SBR rubber [48], ATH 
was used in combination with chlorinated paraffin, zinc borate, clay and antimony 
trioxide for a flame retardant grade in conveyor belting applications. 
Khattab [57] investigated the flammability characteristic of SBR using 
Decabromodiphenyl oxide (DBBO) and aluminum hydroxides as flame retardants. 
The results showed that the mixtures of DBBO and AI(0H)2 reacted slightly 
antagonistically. This contradicted their previous work, where the same mixtures 
synergistically enhanced the flame retardancy of other polymer. Hence, selection of a 
proper combination with ATH is essential to give improved performance. 
2.5.1 Factors Affecting the Performance of ATH 
With the growing ~portance of improved fire safety in savmg lives and 
property, there is an increased demand for halogen free FRs. It is well known [51] 
that ATH has the biggest share of the FR market particularly in Europe and North 
America. Owing to the mechanisms described, ATH and other mineral FRs offer 
distinctive advantages compared to conventional solutions (halogen based FRs). Thus, 
several approaches have been taken to overcome the limitation of ATH. These include 
minimizing the adverse effect on polymer properties. 
Particle size can affect the properties of elastomers and the FR effectiveness. 
The greater the reduction in size of the particles, the more the end properties .can be 
maximized. Particular grades with fine crystallinity and particle size less than 2 !lm 
are commonly used in highly demanding applications, such as insulation and 
jacketing of cables [54]. Figure 2.7 shows how particle size influence the 
decomposition pathway of ATH. Coarse ATH on decomposition formed hydroxy-
oxide intermediate (boehrnite, AIO(OH)). It was also seen that the peaks due to 
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boehmite formation increased with the increase in ATH particle size [34, 58]. It was 
suggested that decomposition by this route probably reduced the flame retardant 
effectiveness [34]. 
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Figure 2.7: Effect of Particle Size on the Decomposition Pathway of ATH [34] 
The role of strong interactions between the polymer matrix and ATH particles 
in determining the efficacy in flame inhibition has also been recognised. In standard 
processes the crystalline surfaces are coated with organic additives such as fatty acids, 
organosilane coupling agents, etc. to guarantee the wetting of the inorganic filler by 
the non-polar polymer matrix. The result of this are better dispersion of the filler in 
the compound and improved adhesion between ATH and the polymer [54]. As a result 
new grades of ATH, such as silane treated and surface treated, would be expected to 
have enhanced tensile strength compared to untreated ATH. However, the work of 
Canaud [59] showed that there was no substantial increase in the tensile strength of 
untreated ATH compared to those with silane-treated ATH in EPDM compounds. The 
author claimed that insufficient numbers of crosslinks occurred due to the low 
efficiency of the si lane-treated ATH. The compositions containing 160 phr of ATH, 
both with and without the surface treatment achieved VO classification. Therefore 
information on the particle size, morphology, surface treatment and mode of action of 
the systems is important in assessing the optimum level of treatment needed to 
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maximize the properties. In addition, other key factors, for example mix procedures, 
processing equipment, and composition of the formulation should also be considered. 
Another factor affecting the efficient flame retardancy and optimal physical 
properties of the elastomer is the extent of filler dispersion. The elastomer should be 
of sufficient viscosity at the processing temperatures to ensure adequate shear in order 
to achieve good deagglomeration and uniform dispersion [48]. It was suggested that 
the FR should be incorporated at an early stage of mixing, ahead of such ingredients 
as plasticizers and processing aids,that can soften the compound. 
2.5.2 Applications and Development of ATH 
To impart significant flame retardant properties to natural or synthetic rubber, 
relatively high loadings (above 100 phr) of ATR must be used. EPDM (Ethylene-
propylene Diene rubber) was often selected because of its ability to accept higher 
amounts of ATR (150-200 phr) without seriously affecting its mechanical properties. 
The main applications involved sealing systems, hoses and damping parts in the car 
industry. Other applications are also found in wires and cables for low and medium 
voltages [59]. In SBR, ATR was widely used in conveyor belting and flooring. For 
CR rubber, ATR was used in mining belt applications with combinations of ATO and 
zinc borate [48]. 
Recent approaches at improving ATR have resulted a new generation of 
surface treated A TR grades. Kirschbaum [54] reported that by using an exact particle 
distribution, and an additional treatment of the crystalline surface, much higher 
loadings with the lowest possible compound viscosity, could be achieved. 
The manufacture of printed circuit boards (PCB) has always been dominated 
by brominated resins. It is due to the higher temperature requirement during 
processing. Because of the fire hazards and the problem of disposal, the industry has 
moved away from brominated resins by incorporating ATR. In order to fulfill this 
requirement, a new mineral FR with an onset of decomposition at above 250°C has 
also been developed. This newly developed ATR [SI], with enhanced thermal 
stability in addition to the retention of fire properties, therefore has the potential to 
replace halogenated materials. 
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2.6 . Chlorinated Paraffins (CPs) 
CPs are a straight chain hydrocarbon that has been chlorinated. The chlorine 
content ranges from about 30% to 70% by weight. CP is available in liquid and solid 
form depending on the length of the carbon chain. They are classified as short chain 
CPs (ClO-C13), medium chain CPs (Cw C17) and long chain CPS(CI8 - C30). In terms 
of usage, medium CPs are used mainly as softeners (plasticizers), but with the 
advantage of providing FR properties. The largest volume used is in PVC compounds. 
Short chain CPs are used in sealants and adhesives and as FR in rubbers and soft 
plastics. As for long chain compounds, they are normally used in rigid plastics such as 
polyesters and polystyrene. Long-chain, 70% CP are used in upholstery backcoating 
in combination with ATO [60]. 
Longer chain molecules are waxy solids and considered as low cost FRs. They 
are used to replace or reduce flanunable processing oils. Therefore, although their 
major application in elastomer is as a flame retardant, it is also acted as a plasticizer. 
Solid type CPs containing 70% chlorine are also commercially available. Apart from 
providing flame retardancy, they can also improve the tensile and tear properties of 
CR, SBR, and nitrile rubber [48]. Normally, they are used in combination with ATO, 
zinc borate, and ATH. The main drawback is their limited thermal stability. Hence 
. . 
CPs are used more in materials which have lower processing temperatures. 
As an alternative; Oxychem's Dechlorane Plus additives (chlorinated alicylic 
material) can be used because of their non-plasticising FR properties in polymeric 
systems. It is a filler-type powdered additive and stable up to about 290°C. However, 
it is not as efficient as DBBO as a flame retardant but has demonstrated lower smoke 
evolution [44]. 
The disadvantage of CPs is revealed at high temperature, CPs decompose with 
the liberation of HCI. HCI is very corrosive to metals and can damage expensive 
electronic equipment. 
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2.6.1 Thermal Analysis of CP 
The structure and thermal behaviour of pure CP (Cereclor 70) was studied by 
Camino & Costa [61]. They found that CPs with a degree of chlorination greater than 
60 % were structurally very similar to chlorinated poly(vinyl chloride). 
The thermal behaviour was studied under a nitrogen atmosphere at a heating 
rate of lOoC/min. Figure 2.S shows the degradation of the CP is a two-stage process. 
The first stage occurs between 275° and 400°C, the weight loss being about 70%. 
From the DTA curve also shown in Figure 2.S, the process is endothermic at first but 
becomes exothermic as the temperature increases and degradation continues. The 
main product of the degradation is HCI.. According to theoretical values, at SOO°C, 
72% of CP is evolved with the complete elimination of the chlorine. 
When CP is used as a FR additive, they point out that the degradation in most 
polyolefms normally takes place above 300°C, at which temperature the CP is likely 
to have already transformed to the chlorinated insoluble residue. So they suggested 
[61] that the chlorine given offby this material is likely to intervene in inhibiting the 
flame, rather than the HCI from the original CP. Therefore they concluded that the 
high content of chlorine in the CP is not directly related to its efficiency as a FR but to 
its capability of producing degradation product, which in turn eliminates HCI, when 
needed. 
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2.7 Tin Compounds 
2.7.1 Tin 
Tin belongs to the carbon group of the Periodic Table (Group N) besides 
silicon, germanium and lead. It has an atomic number of 50 and atomic weight of 118.71. 
The appearance of ordinary tin is a silvery white metal, which is soft, ductile, malleable 
and exhibits a highly crystalline structure. Denoted by the chemical symbol Sn, tin can 
exist in two forms i.e. silvery tetragonal crystalline form (white tin) and cubic crystalline 
(grey tin). The later is formed when the tin is cooled below l3°C. In most of the 
commercial tin compounds, it appears either in the IT (stannous form) or N (stannic) 
oxidation state which are quite stable. Typical examples include tin dioxide, potassium 
and sodium staruiates, tin difluoride, tin di and tetrachloride. 
Most tins are obtained from mining tin ore and it does not occur naturally as tin 
metal. The most important commonly available tin ore is the mineral cassiterite, with the 
chemical formula, Sn02 (tin oxide). About 20 % of the world's tin deposits occur as 
cassiterite in primary hard-rock veins or lodes and another 80% occurs as unconsblidated 
secondary or placer deposits in river beds and valleys or on the sea floor [62]. The major 
tin resources are located in countries in East Asia including China, Malaysia, Thailand 
and Indonesia which account for 59 % or approximately 8 million tonnes of the world's 
economic resources. Others are Brazil (16%), Bolivia (6%), Zaire (7%) and Australia 
(3%) [63]. 
Over the last fifty years the production on tin has decreased with some tin mines 
closing, especially in late 1985, when the price of tin declined. Dueto the technological 
developments led by ITRI (International Tin Research Institute), new applications 
involving tin compounds have been developed and these inchide lead-free solders, tin 
shot, fire retardants, lead-acid batteries and dental amalgam projects in addition to 
traditional applications such as tinplate, solder, bronzes and pewter. As a result, the 
European growth for tin (zinc stannates) as a fire retardant, particularly in PVC, has 
reportedly increased by approximately 12% per annum [63]. Adding to that, production 
as well as consumption is expected to grow over the next 5 years with a stabilised tin 
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price forecast (1998) of about US$2.60/Ib. Nevertheless, the current interest in this study, 
which involves tin compounds, is mainly for fire retardant applications. 
2.7.2 Tin Compounds as FR 
Several research proj ects have taken place involving tin compounds in 
unsaturated polyester, as a major use of these plastics, involves a certain fire performance 
as a prominent criteria. Typical industrial use includes the production of boats, baths, 
shower units, automobile parts, railway carriage panels and electrical components [64]. 
Recent investigations have focused on tin compounds because of their distinct 
advantage as FRand smoke suppressants [65]. Extensive research has shown their benefit 
In rigid and flexible poly(vinylchloride), polyester reSInS, polychloroprene, 
chlorosulfonated polyethylene, polyamides, epoxy resins, and alkyd resin-based paints 
[18]. Two commercial forms of tin compound have been widely used. Zinc 
hydroxystannate (ZHS) and·zinc stannate (ZS) both of which are possible replacements 
for antirriony trioxide (ATO). In addition, tin (N) oxide (Sn02), which can be used as 
either an anhydrous or hydrous forms, has also been used as a replacement for ATO, 
particularly in halogen containing polymer formulations. The following equations [18] 
represent the chemical reactions as ZHS and ZS are manufactured. 
ZnSn(OH)6 + 2NaCl (2.1) 
ZnSn(OH)6 ZnSn03 + 3 H20 (2.2) 
Commercially, sodium hydroxystannate will react with zinc chloride to produce 
ZHS (white solid). It is then dried in air at an approximate temperature of !05°C. 
Equation 2.2 denoted that ZS is produced by controlled thermal dehydration of ZHS 
normally within the temperature range of approximately 300 - 400°C. Table 2.3 shows 
the properties of ZHS and ZS. It is also important to point out that tin and its compounds 
are generally less toxic (Table 2.3) when compared to ATO. 
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Table 2.3: Properties of Zinc Hydroxystannate (ZHS) and Zinc Stannate (ZS) [18] 
Name Zinc Hydroxystannate Zinc Stannate 
Chemical fonnula ZnSn(OH)6 ZnSn03 
Appearance White powder white powder 
Analysis (approx.) 41 % Sn 51 % Sn 
23%Zn 28%Zn 
Specific gravity 3.3 3.9 
Decomposition temperature >180°C >570°C 
Oral toxicity (LDso, rats) >5 g kg'! > 5 g kg'! 
2.7.3 Smoke and Carbon Monoxide (CO) Suppressants 
ATO is commonly used as a synergist with halogenated compounds because of 
its high antimony content and its ability to reduce the halogen levels required. The 
reduction of the halogen content is important so that the physical properties of the 
original compound can be retained. However, it has also been established that the use of 
antimony trioxide will produce large amounts of smoke during the burning process. 
Therefore, the benefit of adding ZHS, Sn02 or ZS into a compound fonnulation is the 
excellent smoke-suppressant and CO suppressant properties produced in comparison with 
ATO. 
As illustrated in Figure 2.9 [66], the effect of ZHS on the smoke evolution from 
a polyester based on dibromoneopentylglycol (DBNPG)(28 % Bromine (Br» was 
evaluated using a NBS-type smoke box. For comparison curves depicting ATO and a 
control (no additives) are included. The incorporation of ZHS significantly reduced 
smoke production compared to antimony trioxide. 
Further investigation was carried out with the same resins in combination with 
various inorganic fillers [64]. At 3 parts per hundred (phr) ofZHS, a reduction in both the 
rate of smoke production and the maximum level of smoke density occurred. The 
reduction in maximum smoke density was 34 % with the unfilled resins and 39% in 
combination with 25 phr of Ah03 (alumina). A comparison of smoke density from the 
resins containing ATO with the same combination of filler was made. The resin 
containing ZHS seemed to outperfonn A TO in the alumina-filled resins. 
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Homsby et. al [49] also carried out smoke density measurements for CR 
formulations with the addition of 5 phr tin(N) oxide (Sn02), 5 phr ZHS and 5 phr Sn02 
plus 50 phr chlorowax. The results showed that the inclusion of 5 phr ZHS was more 
effective in reducing the smoke released. In addition, the combination of 50 phr 
chlorowax with Sn02 slowed down the rate of smoke release. However, the addition of 
ATO in CR was not investigated as a comparison. 
Similarly in PVC, the addition of 5% Sn02 reduced the smoke evolution by 
about 40.9% and the LOI exhibited was 62.5% compared with the control compound 
value of39.9% [65]. 
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As mentioned earlier (Section 1.1), apart from smoke, inhalation of toxic gases 
particularly CO, is also a major factor affecting deaths. Bains et. al. (64) looked at the 
CO evolution from DBNPG resins (28% Br). The author found that a combination of 
ZHS/alumina substantially reduced the CO by about 53% compared to ATO which 
produced a 28 % reduction. It has also been reported (66) that the incorporation of 2 phr 
ofZHS reduced smoke by about 19%, CO by 25% and C02 by 45% in DBNPG(IO% Br) 
based resins. For other halogenated compounds,. the effect waS similar. In reactive 
chlorendic anhydride (ChA) (28% Cl) for example, the incorporation of 2 phr of ZHS 
conferred a reduction of 51% smoke, 82% CO and 53% CO2 [16]. It should be noted that 
the smoke reduction is more substantial in reactive intermediates compared to physical 
additives formulations. 
2.7.4 Characterisation 
It is generally accepted that pyrolysis and the combustion of polymer is related 
to their thermal decomposition behaviour. Thus, it is important to study the thermal 
stability of polymers to understand their decomposition pathways under the influence of 
heat. The most commonly used thermal technique for the evaluation of the flammability 
characteristics of polymeric materials is thermogravimetric analysis (TGA). In TGA, the 
weight loss of the sample is monitored during the course of thermal decomposition. 
However, it is also known that this single method is not adequate to provide enough 
information to fully describe the complete decomposition process. Differential thermal 
analysis (DT A), differential scanning calorimetry (DSC), FTIR, EGA and mass 
spectrometry are other methods that can be used separately or in some cases 
simultaneously. 
It has been demonstrated (15) that thermal analysis is helpful in detecting the 
activity ofFR additives in the condensed phase and vapour phase. This assists in a better 
understanding of the mechanism by which the FR acts. During polymer decomposition, 
the residue from various samples was measured. Normally the incorporation of additives 
alters the degradation route. If higher amounts of residues were found, then it was . 
suggested that this most probably related to condensed phase activity. In contrast, if no 
residues remain after pyrolysis, gas phase activity would be presumed to be the dominant 
mechanism. It should be born in mind that the mechanism of FR in each polymer system 
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can be complicated and generalisation of the process based only on TGA is sometimes 
difficult. 
2.7.5 Modes of Action 
Unlike antimony trioxide, tin compounds can act alone as a flame retardant 
through condensed phase action. According to Cusack [67], tin acts predominantly in the 
condensed phase by disposition of carbonaceous char in addition to the volatilisation of 
flammable products. He also discovered that it interferes with the combustion process in 
the vapour phase, which is halogen dependent. Nevertheless, at present, the overall 
mechanism by which tin acts as a flame-retardant is still unclear. 
A comparison between the mechanistic studies of individual additives i.e. ZS, 
antimony trioxide and hydrous stannic acid in the DBNPG-based polyester resin was 
conducted in order to identifY the primary phase action which would explain the 
retardancy behaviour of the additives during combustion [66]. There was an increase of 
char yield (53 %) with the incorporation of 5 phr hydrous stannic oxide relative to the 
control compound (24.1 %). The addition of 5 phr of ZS also produced quite similar 
amount of char yield. This would indicate that both the additives functioned through the 
condensed phase. From the elemental analysis of the residues for polyester filled with ZS, 
a significant amount of tin and zinc volatilised from the polymer compared to polyester 
filled with hydrous stannic oxide and the control compound. Consequently, the presence 
of vapour phase activity was recorded, as well as the effectiveness of condensed activity 
in ZS-containing polymer. The condensed phase corresponded with excellent smoke 
suppression due to an increase in crosslinked char and thus a reduced fuel supply to the 
flame [67]. Additionally, the smoke inhibition was also probably due to gas oxidation of 
the soot and aromatic tars produced during polymer pyrolysis [20]. 
For antimony trioxide, the position was reversed, a distinctive situation was 
observed where 93 % of antimony volatilised from the polymer giving a lower quantity 
of char (33.3%), related mainly to gas phase activity. 
ZHS/ZS, in a similar way to ATO, showed a synergistic effect with halogenated 
FRs. From thermal analysis, based on TGIDTAlDTG, it was shown that in chlorendic 
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anhydride (28% Cl) resins containing ZHS, there were no residues left at 600°C [16]. 
Therefore, it was assumed that volatilisation of tin and zinc would probably occur and 
enter the gascphase activity. The process in the vapour phase was assumed to be similar 
to the behaviour in antimony trioxide [7]. For tin, volatile metallic halides or oxyhalides 
were probably formed. On the contrary there was. a small amount of residue left for 
DBNPG (10% Br) at 600°C, which indicated condensed phase activity. In other work, 
quoted by Redfern [68], it was shown that during polymer degradation, there was a 
pronounced step in the TG curve, which showed the effect oftin additives on the pathway 
decomposition of the DBNPG resin (Figure 2.10). 
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Figure 2.l0:TG Results with (1) DBNPG resin alone, (2) DBNPG resin with ZHS 
[68] 
A comprehensive mechanistic study of the behaviour of tin compounds ill 
halogenated polymers was conducted by Atkinson et al. [21]. The authors used thermal 
analysis, the oxidation index measurement, thermal volatilisation analysis (TV A), 
pyrolysis-gas chromatography (Py-Gc) and acid digestion as evidence to support their 
conclusions. This study confirmed the earlier results [69] regarding the behaviour of tin 
compounds as a FR in polyester resins. In the presence of halogen, early volatilisation of 
tin and zinc occurred from all three halogenated polyester investigated. But the 
temperature range varied with the type of polyester used. In DBNPG, with ZHS/ZS as the 
additives, the majority of tin was lost between 200 and 300°C. Zinc will volatilise· 
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slightly later than tin. At 400°C, halogen was completely released from all the polyesters. 
It was suggested [21] that at this temperature tin bromide was being formed and reacted 
to form hydrogen bromide. The resulting hydrogen bromide could then act as a radical 
trap. In addition tin oxide was found in the residue which reflected its char promoting 
abilities. Thus explaining why tin additives are efficient as flame retardants and have 
smoke suppressant properties. 
2.7.6 Factors affecting the Efficiency of ZHS 
Besides the basic structure of the elastomer and characteristics of the halogen 
source, there are also several other factors to be considered which affect the efficiency as 
. well as the dominant phase activity associated with the fire retarding mechanism of tin 
additives. Such factors include the ratio of halogen and tin in the compound and what 
other additives are incorporated in the compound formulation. In terms of the amount 
added, investigations made by Andre F. et al. [20] concluded that ZHS and ZS were 
effective flame retardant synergists when used in quantities up to 5 phr in polyester resins 
containing additive-type halogen compounds. 
2.7.6.a Halogen and Tin Ratio 
Generally, synergistic effects were achieved when tin compounds were used in 
conjunction with the halogen at a ratio of 1:4. However, much higher ratios gave better 
flame retardancy. A study made by Cusack [16], reported that the addition of 2 phr of 
ZHS to chlorinated (28% Cl) formulations (ChA) tended to reduce the amount of char 
produced whereas for brominated formulation (10% Br), the amount of char.was doubled 
in the tin-containing sample. The reduction was attributed to the greater percentage of Zn 
and Sn volatilised from 28% ChA resins, which is necessary to produce the flarne-
inhibiting species during vapour phase activity. However, 10% Br produced the inverse 
effect which highlights the importance of a high halogen: metal ratios. It should be kept 
in mind that the chemical nature of the halogen source is also a factor in determining the 
extent of metal volatilisation [16]. In terms of LOI value, at an equivalent of 28%, Br or 
Cl, the brorninated compound gave higher LOI compared to the chlorine compound due 
to the fact that bromine is more effective than chlorine as mentioned in the early reports. 
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At a lower level of halogen i.e. 10 % chlorinated paraffin, it was reported that 
the effect of ZHS and ZS at 2-5 phr was not pronounced, as measured by the LOI value, 
compared with resins containing 20 % halogen. This would further emphasize the usage 
of higher halogen:tin ratios to obtain the optimum flame retardancy. 
In another study carried out by Hornsby et al. [49] with CR rubber, the inclusion 
of tin(N) oxide at 5 phr in conjunction with 20 phr of chlorinated paraffin (CP), 
produced a LOI value of 43.4 %. Whereas, at a higher loading of CP (50 phr) with a 
similar amount of tin(IV) oxide the LOI value increased to 54.7 %. Therefore it is clear 
that the presence of a considerable amount of halogen is essential to achieve a degree of 
flame resistance. 
2.7.6.h Types of Halogenated FR 
The effectiveness of tin. compounds also varies with different types of 
halogenated flame retardants. Cusack et al. [19] discovered that ATO outperformed ZHS 
in conferring a synergistic effect with Dechloran Plus (alicyclic Cl) in polyester resin 
formulations. In contrast, in a combination with hexabromocycloclodecane (HBCD), 
ZHS was more effective than ATO. However the difference was marginal and governed 
also by different types of polymers. Nevertheless, Cusack [18] sUmmarised that ATO was 
outstanding in aromatic bromine FR (DBBO), while the synergistic performance of ZHS 
was much better with aliphatic (Cereclor 70) or alicyclic (HBCD) halogen compounds. 
Another study was carried out by Cusack and co-workers [16], which was more 
I 
focused on the DBNPG and ChA resins, since they discovered that ZHS was less 
effective as a flame retardant, particularly with regard to smoke and toxic gas 
suppression, m polyesters based on' tetrachlorophthalic anhydride (TCPA), 
tetrabromophthalic anhydride (TBP A) or dibromo-derivative of tetrabydrophthalic 
anhydride (DBTHPA). These fmdings indicate that more studies are needed including an 
investigation of different halogenated compound in order to select an effective 
combination with tin-based FR. 
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2.7.6.c Types ofInorganic Fillers 
Various inorganic fillers in combination with either ZHS or ATO were studied 
in DBNPG resins by Bains et al. (64). Among ATH, calcium carbonate, alumina (A]z03) 
and talc, 3 phr of ZHS appeared to be synergistic with alumina at 25 phr loading. This 
conclusion was reached using LOI testing for polyester resins containing both 10% and 
2S% of Br. On the other hand, ATO was a more efficient synergist than ZHS in DBNPG 
containing A TH. 
In order to improve the activity of tin-based FR systems, the Tin Research 
Institute has been seriously developing ultra [me ZHS and coated fillers based on 
inorganic types. The current ZHS grades have sizes of 2-3 J.!ffi, whereas, the ultra fine 
will be produced with a particle size of 0.1 -0.4 pm [IS). The coated fillers will be 
inorganic fillers such as ATH, Mg(OH)2, CaC03 and Ti02. Besides imparting significant 
degrees of flame retardancy, the purpose of this coated filler is to give pronounced 
improvement in processability and physical properties. 
Baggaley et al. (70) reported that 20 phr levels of either ZHS-coated Mg(OH)2 
or ZHS-coated ATH gave higher LOIs (33.S and 36.7 % respectively) than 50 phr of 
either Mg(OH)2 or ATH in their uncoated form. Morphological studies related to the 
results showed that ZHS was retained on the filler surface in a fracture surface of PVC, 
containing ZHS-coated Mg(OH)z, after processing. 
Cross et al. [55) studied the effect of tin additives on EVA cable formulations, 
containing 100-150 phr of ATH and Mg(OH)2' The authors used a cone calorimeter to 
evaluate the fire retardant properties. The results showed that EV A comprising 135 phr 
ATH and 15 phr ZHS gave LOI greater than 35, reductions in peak rate of heat release 
(RHR) and smoke parameter compared to those of an unfilled control (150 phr ATH). In 
addition, they studied the effect of ZHS in combination with ATH and nano-c1ay filler. 
Although marginal improvements were observed in the LOI, there seemed to be a further 
reduction in peak RHR and smoke parameter. They also found that the performance of 
the ZHS/ATHlnano-c1ay system at 100 phr level was better than 150 phr ATH in 
reducing peak and average RHR. However the performance of EV A containing ZHS-
coated A TH was rather less effective in the case of flame retardancy and smoke 
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suppressant activity. With EV A containing ZHS-coated Mg(OH)2, the performance was 
slightly improved. 
2.7.7 ZHS with Inorganic Compounds 
The synergistic effect of ZHS and halogen containing polymers is not limited to 
two systems. In addition to the previously mentioned systems, several types of inorganic 
compounds have also been used. 
The combination of 4 phr of different inorganic compounds with 20 phr of 
halogenated FR was investigated in polyester resins formulations [19]. Overall the 
addition of the additives improved the LOI and other flammability properties compared 
to the control formulations (halogen additives alone). However, in a comparison between 
the additives, ATO was found to be the best single additive in most systems. ZHS was 
most effective in resins containing HBCD as repected in the LOI value. Synergism 
between ZHS and Fe20) (iron (Ill) oxide) was also seen in the resins, when compared to 
the effect given by either ZHS or Fe20) alone [19]. An improvement in the LOI value 
produced by a combination of ZHS and Fe20) in other type of halogenated FR (Cereclor 
70, Dechlorane Plus, TCPA, DBNPG, DBBO) was very marginal. 
As for PVC, 5 wt% of Sn02 was found' to act synergistically with 5 wt"1o of 
melarninium betaoctarnolybdate in reducing the smoke evolution but the LOI value was 
only slightly affected if compared with adding Sn02 alone [65]. 
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3. Experimental Procedure 
Raw rubber is not useful as an engineering material until it is converted into a 
. rubber compound. This conversion process is called rubber compounding. It requires 
the addition of various chemicals to the raw rubber in order to obtain desirable 
properties. Hence the selection of suitable formulations and the knowledge to convert 
them through a suitable mixing process is important to ensure a quality end product. 
The base elastomers chosen in this work were standard Malaysian rubber grade L 
(SMR L) and 'W' type (Neoprene WRT) polychloroprene rubber. They were supplied 
by Tun Abdul Razak Research Centre (T ARRC). 
3.1 Materials 
3.1.1 Natural Rubber (NR) Compouding Ingredients 
Table 3.1 shows the chemical additives, which were used to formulate rubber 
compounds in this study. The additives comprised an activator, accelerator, anti-
degradants and a curing agent. They were used without any purification and were all 
commercial grades. The additives were also supplied by T ARRC. 
Table 3.1: Formulation of Natural Rubber (NR) Compounds 
Phr 
SMRL(NR) 100 
Stearic acid 2 
Santoflex 13 I 
CBS 1 
Sulphur 2.5 
Zinc Oxide 5 
Parts per hundred rubber (phr) 
In order to introduce cross links in rubber, a: curing agent is required. Sulphur is 
the most widely used agent for this purpose. Accelerators, on the other hand increase 
the onset, rate and efficiency of sulphur crosslinking. Hence, CBS (N-cyclohexyl-2-
benzothiazolesulphenamide) was sel~cted to provide a fast accelerator but with a 
delayed action to avoid premature crosslinking (scorch) during processing. The 
activators used were stearic acid and zinc oxide. Reactions between the stearic acid 
and zinc oxide with the accelerator would further increase the rate of the crosslinking 
reaction in the rubber. 
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Since elastomers are prone to ageing by oxygen and ozone, an anti-degradant, 
N- (I, 3-dimethylbutyl)-N' -phenyl-p-phenylenediamine (Santoflex 13) was also used 
to slow down the process of ageing. In addition to the normal compounding 
ingredients, different type of FRs was incorporated to produce various compounds. 
In addition to the above, a range of different flame retardants were used 
individually or in various combinations. A flame-retardant mixture of a bromine 
compound and antimony trioxide (ATO) was used in the ratio of 3:1. The bromine 
compound was Great Lakes DE-83R, decabromodiphenyl oxide, which IS a 
brominated aromatic flame retardant (Figure 3.1). Both of these additives were 
supplied by Great Lakes Chemical Corporation. 
Br Br 
Br o Br 
Br Br Br Br 
Figure 3.1: Decabromodiphenyl Oxide (DBBO) Structure 
Another FR that has been used for many years in NR is chlorinated paraffin 
(CP). The grade used in this work was Cereclor 70 (C70), used in powder form and 
obtained from Ellis and Everard. 
A halogen-free FR used in this study was aluminium trihydrate (ATH) grade 
Superfine 7E, obtained from Alcan Chemicals. 
A tin-based FR used was zinc hydroxystannate (ZHS) supplied by Joseph 
Storey & Co. Ltd. 
The inclusion of organoclay to improve the thermal stability and flame 
retardancy of polymers has been reported [71]. Thus, a clay filler was incorporated in 
halogen free formulations. The grade used was Cloisite 20A. This is a natural 
montmorillonite modified with a quaternary ammonium salt obtained from Southern 
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Clay Products, Inc. All the chemicals were used without any further modification or 
treatment. 
3.1.2 Neoprene WRT (NWRT) Compounding Ingredients 
The basic formulation for NWRT used is shown in Table 3.2. Since NWRT is 
a mercaptan modified polychloroprene, additional sulphur and organic accelerators 
(TMTM and DPG) are important to impart sufficient physical properties. 
Table 3.2: Polychloroprene (CR) Formulation 
Phr 
Neoprene WRT 100 
MgO-coated' ·4.0 
Zinc Oxide 5.0 
Permanax ODPAL 2.0 
Stearic Acid 1.0 
Sulphur 1.2 
Perkacit TMTM' 0.6 
Perkacit DPG' 0.6 
.. 
1 Supphed by AKM (A DlVlslOn ofSafic-Alcan) 
2 Octylated Diphenylamine 
3 Tetramethylthiuram monosulfide 
4 N, N' -Diphenylguanidine 
The role of the accelerator is similar to that in NR but for crosslinking, the 
combination of zinc oxide and magnesium oxide (MgO) is known to produce a best 
balance of processability, cure rate and vulcanisate quality [45]. The function of 
ODPA is as an anti-degradant, while DPG and TMTM act as accelerators. All the 
samples were supplied by Flexsys. 
3.2 Sample Preparation 
3.2.1 NR Compounds 
To study the effects of flame-retardants on the flammability of natural rubber 
(NR), various combinations and loadings were used. Table 3.3 shows the list of 
compounds prepared. A compound ID was used to identify each rubber mix 
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separately. A numbering system was used. However, this does not show the mixing 
sequence. The first set of experiments was performed solely on NR and the flame-
retardant mixture. Thus, no cured rubber was expected from this fonnulation. The 
second set consisted of several compounding ingredients, which are nonnally added 
to rubber compounds as described previously in section 3.1.1. The cross link system 
chosen was a conventional system, which required high amounts of sulphur and low 
levels of accelerator. A flame-retardant mixture (ATO and DBBO) was added at 0, 5, 
10, IS and 20 % in both of the formulations. 
Another set of experiments involved the control compound and a compound 
-
with ATH at 60 phr loadings (Table 3.3). A two-roll mill was used to prepare these 
compounds. For higher loadings of FR however, an internal mixer was used and 
different levels (60, 100, 140 phr) of ATH were incorporated into the mix. This is 
because, during mixing using the two-roll mill, with the addition of 60 phr of ATH, 
NR experienced severe 'bagging' and the formation of wavy bands. In addition, 
excessive powders (ATH) seeme.d to be rejected by the rubber and had to be added 
. several times in order to complete the mixing process. 
A study was also undertaken· to study the effect of tin-based FR (Zinc 
hydroxystannate) in NR compounds. Included in the evaluation was the addition of 
ZHS in combination with Cereclor 70 (C70) and ATH. DBBO and ATO were also 
used as a comparison. 
Organoclay filler was incorporated in halogen free formulations. The curing 
system was similar to the other NR compounds. Control compounds without the 
incorporation of these FR combinations were also prepared each time a set of 
compounds were made. 
3.2.2 NWRT Compounds 
Initial work with NWRT compounds was with the addition of FR mixtures 
(ATOIDBBO) at 0, 5, 10, 15 and 20 %, which was equivalent to 1.25/3.75,2.5/7.5, 
3.75111.25 and 5115 phr. A semi-efficient vulcanization cure system with a sulphur to 
accelerator ratio of about 1 was selected for this study (Table 3.2). The influence of 
the ATO by itself and its replacement by ZHS was also studied (Table 3.3). 
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Table 3.3: List of Compounds Prepared 
NR + DBBO:ATO (3:1) Compound IDs Mixing 
NR + No CA. 1 TRM 
NR + 5 % DBBOIATO 2 TRM 
NR + 10 % DBBOIATO 3 TRM 
NR + 15.% DBBOIATO 4 TRM . 
NR + 20 % DBBOIATO 5 TRM 
NR + CA +DBBO:ATO (3: 1) . 
NR+CA 6 TRM 
NR + CA + 5 % DBBOIATO 7 TRM 
NR + CA + 10 % DBBOIATO 8 TRM 
NR + CA + 15 % DBBOIATO 9 TRM 
NR + CA + 20 % DBBO/ATO 10 TRM 
NR + CA + 30 % DBBOIATO 11 TRM 
NR+ CA +'A'tH ..•.... .'. . : 1 ; . 
NR+CA 12 TRM 
NR +CA+60 phr ATH 13 TRM 
NR + CA +60phrATH 14 IM 
NR + CA + 100 phr ATH 15 IM 
NR + CA + 140 phr ATH 16 IM 
NR + CA +ZHS .•.. ,. 
. 
.  
NR+CA 17 TRM 
NR +CA +2 phr ZHS 18 TRM 
NR + CA +4phr ZHS 19 TRM 
NR +CA +6 phr ZHS 20 TRM 
NR + CA + 10 phr ZHS 21 TRM 
NR + CA + H~logenated compound + ZHS .. .. 
, .... 
NR+CA 22 TRM 
NR+CA+4ZHS 23 TRM 
NR +CA +20C70 24 TRM 
NR +CA +40 C70 25 TRM 
NR + CA +20 DBBO 26 TRM 
NR + CA + 4 ZHS + 20 C70 27 TRM 
NR + CA +4 ZHS +40 C70 28 TRM 
NR +CA +4 ZHS + 20 DBBO 29 TRM 
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NR + CA + ZHS, ATO + C70 .. 
NR +CA +20ZHS 30 TRM 
NR+CA+20ZS 31 TRM 
NR + CA + 20 ATO 32 TRM 
NR+ CA + 20 ZHS + 40 C70 33 ·TRM 
NR +CA +20ATO +40 C70 34 TRM 
NRt.,CA + Halogenated compound +A TH + ZHS :' 
NR + CA + 4 ZHS + 20 C70 + 60 ATH 35 TRM 
NR +CA +4 ZHS + 20 DBBO +60 ATH 36 TRM 
NA+CA 37 IM 
NA+CA+ 140ATH 38 IM 
NR + CA + 100 A TH + 40 C70 39 IM 
NR +CA +90ATH +40 C70+ IOZHS 40 IM 
NR + CA + 100 ATH + 40 DBBO 41 IM 
. NR + CA + 90 ATH+ 40 DBBO + 10 ZHS 42 IM 
NR ~idA+ZHS +,A TH • . . , . ...... . . . .'. ' , ..••.• ;.' ......•.... 
NR+ CA + 10 ZHS + 130 ATH 43. IM 
NR + CA + 15 ZHS + 125 A TH 44 IM 
NR + CA + 10 CL20 + 130 ATH 45 IM 
NR + CA + 10 CL20 + 10 ZHS + 120 ATH 46 IM 
CR +;9A +DBBO:ATO (3:1) . , 
CR+CA 47 TRM 
CR + CA + 5 % OBBOIATO 48 TRM 
CR+CA+ 10%OBBOIATO 49 TRM 
CR+CA+ 15 % OBBOIATO 50 TRM 
CR + CA + 20 % DBBOIATO 51 TRM 
CR +,CA + ZHS, A TO . . .... ." 
CR+CA 52 TRM 
CR + CA + 2.5 phr ZHS 53 TRM 
CR + CA + 2.5 phr ATO 54 TRM 
CR + CA + 2.5 phr ATO + 7.5 phr OBBO 55 TRM 
CA: Chemical additives, TRM:Two-roll Mill, IM:lntemal Mixer 
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3.2.3 Compounding 
3.2.3.a Two-roll Mill Mixing ofNR Compounds 
Rubber compounds were prepared usmg a Farrel Bridge open swing-side 
laboratory two-roll mill 6 inch x 12 inch. Prior to mastication, the raw rubber was 
heated in an oven for approximately 30 minutes at a temperature of 60°C. This step 
was essential to soften the rubber before placing it on the mill. Before mixing started, 
the rolls were also pre-heated to 50°C. During mixing, a two-stage procedure was 
used. At the first stage of mixing, the stearic acid, anti-degradants, and flame-
retardant mixtures were added. The second stage mixing involved the incorporation of 
the CBS, sulphur and finally zinc oxide. Mixing started when rolling bands were 
formed. Three-quarter cuts were made from each side of the rubber in order to 
distribute evenly the ingredients into the rubber. 
Mixing times ranged from approximately 27" minutes for compounds 
containing no flame-retardants, up to 32 minutes for the compounds with the highest 
loading of flame-retardants, since it took a longer time to incorporate higher loadings 
of FR (compounds 6 to 11). All the parameters of the mixing procedure, such as the 
temperature of the rolls, and compound temperature, were recorded. The typical 
mixing procedure for compounds 6 to 11 are given in Table 3.4. For other compounds 
the procedures were varied slightly with the FR additives/filler incorporated and for 
completeness they are presented in Appendix A. 
3.2.3.b Internal Mixer 
Since high amounts of A TH were incorporated into NR compounds they were 
mixed in a Francis Shaw Kl intermixer mark 4. This machine was equipped with 
intermeshing counter-rotating rotors. Each compound was mixed for 7 minutes at a 
starting temperature of 40°C with a rotor speed of 40 rpm. The mixing chamber and 
the rotors were kept at a constant temperature of 40~C with a water-cooling system. 
The volume of the mixing chamber was 5.5 litres and a fill factor of 0.5 was chosen to 
prepare the compounds. To ensure the efficiency of the internal mixer, a proper batch 
size had to be selected. 
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Table 3.4: Formulation and Mixing Procedure for Compounds 6-11 
CompoundJD 
6 I 7 I 8 I 9 10 
Stage one mixing 
Oven temperature, time 56-60QC, 30 minutes 
Roll temperature, QC 49 51 51 51 50 
Before mixing started 
Mastication time of the raw 
elastomer, min (before the 8 6 8 7-8 6 
ingredients were added) 
SMRL (phr) lOO lOO lOO lOO lOO 
Stearic Acid (phr) 2 2 2 2 2 
Santoflex 13 (phr) I I I I I 
Bromine compound (phr) 0 3.75 7.5 11.25 IS 
Antimony trioxide (phr) 0 1.25 2.5 3.75 5 
Mixing time, min (ca.) 14 14.5 17 18.5 18.6 
Compound temperature, QC 71 69-71 75 75 69 (after mixing_ endedl 
Roll temperature, QC 55 59 56 56 55 
Stage two mixing 
Roll temperature, QC 50 50 50 50 49 
Before mixing re-started 
Compound temperature, QC 34-38 34-38 36 34-37 24-25 (before mixing re-started) 
Santocure CBS (phr) 1.0 1.0 1.0 1.0 1.0 
Sulphur (phr) 2.5 2.5 2.5 2.5 2.5 
Zinc Oxide (phr) 5.0 5.0 5.0 5.0 5.0 
Mixing time, min 13 12.5 13 13 12.08 
Total mix4tg time,min ;.. 27 
-27 30 . - 31.5. . "\30.68' 
• (stages 1& 21 . . , .. ; . ' .' ." . J,. ' ... -:' .... 
Compound temperature, QC 58-60 56 61 60 68 (after mixing ended) 
Roll temperature, QC (after 56 55 55 56 57· 
mixing ended) 
Below is an example of the calculation for compound 14 to determine the 
batch size and batch mUltiple factor. This is also shown in Table 3.5. 
i) The density of the individual ingredients was known from the supplier 
ii) The volume for each ingredient was calculated by dividing their mass by 
their individual density 
iii) The density of the compound was calculated as the ratio of the sum of the 
mass of individual ingredients and the sum of the volumes 
11 
50 
6 
lOO 
2 
I 
22.5 
7.5 
21.23 
70 
61 I 
50 
32 
1.0 
2.5 
5.0 
11.25 
:·;~#A·:~,~ 
65-69 
55 
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Density of compound = 1721140.44 = 1.22 
iv) The batch size was obtained by multiplying the volume of the mixing 
chamber by the density of the compound and the fill factor 
Batch size =Chamber volume x fill factor x Density of compound 
= 5500 x 0.5 x 1.22 = 3360 g 
The batch multiple factor (BMF) was then measured to calculate the actual 
mass of the individual ingredients. It was determined by dividing the batch size by the 
total parts per hundred rubbers. 
BMF = Batch size/Total phr = 33601172 = 19.5 
Finally, the actual mass of individual ingredients equalled the BMF multiplied by the 
mass (phr) for each ingredient. 
Eg. With 2.5 phr of sulphur, the actual mass needed = 2.5 x 19.5 = 48.75 g 
(Refer to Table 3.5) 
Table 3.5: Actual Mass of Individual Ingredients for Mixing in Internal Mixer 
Formulation for Mass(phr) Density Volume BMF Actual 
Compound 14. weight (g) 
SMRL 100 0.914 109.4 19.5 1950 
Zinc Oxide 5 5.57 0.9 19.5 97.5 
Stearic Acid 2 0.85 2.35 19.5 39 
Santoflex 13 I 1.0 I 19.5 19.5 
Aluminium Hydroxide 60 2.42 24.79 19.5 1170 
Sulphur 2.5 2.05 1.22 19.5 48.75 
CBS I 1.28 0.78 19.5 19.5 
Total 172 140.44 3344 
The sequence of the mixing cycle for compounds 14 to 16 in the internal 
mixer was as follows. At 0 seconds, the rubber was added followed by stearic acid, 
zinc oxide and santoflex 13. ATH was added at 60 s and finally, curatives; sulphur 
and CBS were added at 373 s. The compounds were discharged at 7 minutes (420 s). 
After mixing, the rubber compound was milled to a thickness of about 7 mm. During 
the mixing process, parameters such as power consumption, batch temperature and 
ram position were monitored and recorded. Traces were plotted of the power 
consumed against time during mixing. A typical trace is shown in Figure 3.2. 
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Figure 3.2: Power Consumed Vs. Time for Internal Mixing 
3.2.3.c Two-roll Mill Mixing of NWRT Compounds 
There are various grades of CR as described in Section 2.4.2. In this work 
NWRT was selected and was supplied in chip form. Good mixing of all grades ofCR 
is largely dependent on good temperature control of the mill, and the mixing time. In 
fact the use of refrigerated water for cooling purposes is very helpful in hot conditions 
[45). As the temperature and the friction ratio were beyond the operator's control, the 
temperature of the mill was set at 35°C. The chips were dropped onto the mill bit by 
bit until they combined into a lump. The nip gap was reduced until a smooth and 
translucent band was formed. The mixing cycle started with the addition of MgO, 
antioxidants and PR as the first stage while accelerator, sulphur and finally zinc oxide 
were added during the second stage. Stearic acid was added in small amounts before 
and during the addition of the PR. Small amounts of stearic acid were held in reserve 
so that it could be added during the incorporation of zinc oxide. This partially helped 
prevent severe 'stickiness' on the mill. 
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3.2.4 Problems in Mixing 
All the mixing processes carried out in this work, were done as quickly as 
possible to avoid excessive mastication but sufficiently to ensure that every 
ingredients added was well incorporated and well dispersed. Nevertheless, it is 
difficult to ascertain during mixing whether dispersion has occurred unless 
microscopy techniques are used. The mill mixing is heavily dependent upon the skill 
of the operator and problems associated with transferring to 'the back roll (CR rubber) 
and adjusting the nip gap could prolonged the actual mixing time. Therefore, the 
mixing time quoted for the two-roll mill was treated as an estimation only. 
Compounding the NWRT with the addition of a FR mixture IS very 
problematic on the two-roll mill. At the initial stage, the compound is very 'nervy'. 
After forming a band, the temperature started to build up, and the NWRT tended to be 
very sticky. The higher friction also contributed to the problems. The band of the 
compound went to the back roll, demonstrated a slight tearing, was rough and very 
'sticky'. Figure 3.3 (a) shows the situation when ATO was added into the rubber. 
Figure 3.3 (b) depicted the severe stickiness of the compound and shows traces of the 
CR still stuck on the mill after removal of the compound. Both pictures were taken 
from the backside of the two-roll mill. 
The problems associated with compounding on the two-roll mill with NWRT 
could have been reduced if the friction ratio of the two-roll mill had been about I: 1.1 
and a higher viscosity of raw grade CR rubber had been selected. The addition of 
higher loadings of the FR mixture increased the mixing time and thus increased the 
shearing action that caused heat to build up, as indicated by the tearing observed. In 
combination with other factors (friction, temperature), the addition of the ATO 
individually severely affected the stickiness of the compound probably due to its 
polarity compared to other ingredients. This effect, experienced with halogenated 
polymers, has been reported by several authors [45, 72]. Therefore, where high 
loading (more than 30 phr) is concerned, an internal mixer is a better choice since this 
requires a longer mixing time. 
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Figure 3.3(a): CR Mixing - After ATO was added 
Figure 3.3(b): MiU RoUs after Removing the CR Mixes 
3.2.5 Cure Characteristics 
The uncured rubber compounds were kept at room temperature (- 23°C) for 24 
hours prior to determining their cure characteristics. The cure characteristics of the 
compounds, such as optimum cure time, tc(95) , scorch time, ts2, maximum torque and 
minimum torque were determined using a Monsanto oscillating disc rheometer (ODR) 
following the BS 903-A60.2:1992 [73] procedure. To measure these properties, 8 to 
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10 gram round discs of the uncured rubber were cut. These samples were placed 
between the heated platens surrounding a biconical rotor on the rheometer, which 
oscillated through an amplitude of ±3°, at a frequency of 1.7 Hertz, and temperature 
of 160°C ± 2. Thus, the samples were subjected to a shearing action by the rotor. The 
cure traces were then generated, as shown in Figure 3.4, and from these the cure 
characteristics were obtained. 
Another important parameter, the cure rate index (100/[ tc(95) -1,2]) or (100/[ 
tc(90) -1,1]) was also calculated [73]. This is an indication of the rate of cure, which is 
the average slope ofthe steep region in the cure curve. 
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Figure 3.4: Typical Cure Curves 
In addition, the viscosity of the compounds was determined according to a 
procedure described in BS 903-A58 1990 [74] using a single speed rotational Mooney 
viscometer. Figure 3.5 shows the arrangement of the Mooney chamber into which the 
rubber samples were placed on both sides of the rotor. Once the dies closed, the 
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samples were held under pressure and filled the cavity. A preheating time of I min at 
a test temperature of 100°C was applied and the rubber samples were then sheared for 
4 min. The results are normally reported as x ML (1+4) 100° C. M stands for 
Mooney, while L is an indication that the large rotor is being used, and x is the 
viscosity of the compound in Mooney units (MU). 
RUBBER 
ROTOR 
DIE 
LOWER DIE 
Figure 3.5: Mooney Chamber and Rotor [75] 
3.2.6 Moulding 
After obtaining the cure data, the rubber compounds were moulded in a 
compression mould. Two moulds, 150 mm x 150 mm (thickness 2.5 mm) and 127 
mm x 127 mm (thickness 3 mm) were used. Rubber samples were cut from the milled. 
material and placed inside the mould cavity which consisted of a metal frame and two 
flat plates. Generally, the unvulcanised rubber was cut to the same volume as the 
finished rubber article to be moulded. Moulding was then carried out in a temperature 
and pressure controlled hydraulic press, with the heated platen maintained at· a 
temperature of 160°C. The compound was cured to its optimum cure state (10(95)) to 
produce vulcanised sheets 2.5 to 3 mm thick. The cured slab sheets were left to cool at 
ambient temperature for at least 24 hours prior to further testing. 
3.2.7 Mechanical Properties 
The mechanical properties of cured rubbers are very important to end product 
applications. The determination of the properties of all the cured samples used in this 
study was carried out at room temperature (-23°C) unless otherwise stated. 
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3.2.7.a Tensile Properties 
For each compound, three samples were die-stamped from 2.5 mm thick slabs 
of cured rubber into a dumbbell shape, and the average thickness of the samples was 
measured in the gauge length (Figure 3.6). A Lloyds mechanical testing machine 
fitted with a 2.5 kN load cell and internal extensometer was used to determine the 
tensile strength and elongation at break. The samples were placed in uniaxial tension 
between the grips of the machine and stretched at a crosshead speed of 500 mmlrnin 
as described in BS 903-A2: 1995 [76] until the breaking point of the test-piece was 
reached. Force versus extension curves for the rubber samples were generated, as 
shown in Figure 3.7. 
For each sample, the force and extension at break values were recorded using 
DAPMAT version 3.05 computer software. The stress value was calculated by the 
software as the maximum force recorded divided by the original cross-sectional area 
of the sample. Meanwhile the extension at break value (mm), was converted to a 
percentage elongation at break (EB) value for each sample, by dividing the increase in 
length by the initial length. The median value of the data from the three samples, for 
each compound, was taken as the value of the tensile strength and EB. 
i 
i 
I 
25 mm 
Figure 3.6:Dumbbell Test-piece Used for Tensile Tests and Cyclic Fatigue Life 
Measurements 
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Figure 3.7:Typical Result for Tensile Properties 
3.2.7.b Tear Strength Measurements 
For tear strength measurements, samples were cut into rectangular strips with 
dimensions of 100 mm length and 30 mm width. A sharp cut - 40 mm in length 
parallel to the length was introduced into the samples to produce two legs of similar 
dimensions (15 mm in width for each leg) to form the trousers test piece (Figure 3.8). 
The average thickness of the samples was also measured. A Lloyds mechanical testing 
machine was used similar to that used when assessing the tensile properties. The 
sample was placed between the grips with the alignment of the test piece as shown in 
Figure 3.8. It was pulled at a constant crosshead speeds of 100 mmlmin [77] until 
rupture. Thus, the tear rate was 0.83 mmls. This value was obtained from the 
crosshead speed of 100 mmlmin, which is equivalent to 100mml60s or 1.67 mmls and 
divided by 2, because there were two legs to the trouser test pieces [78]. 
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Figure 3.8:Positioning of Trouser Test Piece in Testing Machine [77] 
The trace was then plotted with the tearing force recorded versus cross-head 
separation, for each experiment. A typical tear trace is illustrated in Figure 3.9, where 
the propagation of the tear was of a 'stick-slip' nature. From this trace, an average 
force was measured since there was a distinct variation in the individual force peaks. 
The first force peak value and the last peak value, which related to the initial rise at 
the beginning of the test and the final tearing respectively, were ignored. The average 
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Figure 3.9 Typical Tear Strength Traces 
force (F=(Fj + F2 +F3 +F4 +F5 +F6 )/6) was measured for the remaining peak values 
in accordance with BS ISO 6133:1998 [79]. Hence, the tearing energy (T) of the torn 
surface was calculated using the following equation: 
T = 2F/ t (3.1) 
Where, F is the average force to propagate the tear and t is the thickness of the 
sample. Equation 3.1 was obtained from the work of Rivlin and Thomas [80] where 
the extensions in the legs for the trouser samples were negligible. This was based on 
the assumption that the legs were sufficiently stiff to prevent any extension during 
tearing [81]. Five samples for similar compounds were tested and the median value 
was' reported [77]. 
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3.2.7.c Hardness Measurements 
Samples for this test were moulded into discs with a diameter of 28 mm and a 
thickness of approximately 12 mm. The hardness value was detennined using a Shore 
A Durometer hardness tester at room temperature (-23°C). The hardness reading was 
taken after a fixed time of 30 seconds, whilst applying the penetration force onto the 
sample with the Durometer pin. It was read from the A scale (0-100) of the shore A 
tester. In this experiment, three samples were used and three readings were taken at 
different locations for each sample. A mean value was reported. 
3.2.7.d Cyclic Fatigue Life Measurements 
Eight dumbbell shape rubber samples were prepared similar to the tensile 
strength test pieces (Figure 3.6). Cyclic fatigue life tests were carried out using a 
Hampden dynamic testing machine. The samples were fixed in uniaxial tension in the 
machine grips and repeatedly defonned at a frequency of 1.58 Hz and 100 % strain 
amplitude. For each cycle, the strain was relaxed through zero. The number of cycles 
to break in the gauge area was recorded. Thus, the median of the eight readings was 
detennined to obtain the fatigue life of the samples. 
3.2.8 Scanning Electron Microscopy (SEM) 
Through considerable advances in rubber microscopy, the ability to conduct 
dispersion analysis and identify the elements in a particular sample is feasible. So as 
to understand the structure-property relationship, an SEM test was conducted. 
3.2.8.a Sample Preparation 
Cured rubber samples without FR, with dimensions of approximately 30 mm x 
30 mm were immersed in liquid nitrogen to prepare for freeze fracture. Meanwhile 
samples which had undergone physical tests such as tear or cyclic fatigue life, were 
cut manually close to the fracture surfaces to produce small samples for examination. 
Prior to the test, all samples were fixed to an aluminium stub as shown in Figure 3.10. 
To prevent surface charging, which would interfere with the image quality, the 
samples needed to be vacuum coated. Sputter coating with gold was used to coat the 
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sample with an extremely thin (10 nm) conducting layer. Additionally, care was taken 
not to contaminate the samples with fingerprints, dust or lubricant. These factors 
could also have interfered with the image quality. 
Figure 3.10: SEM Stub Holding the Fracture Test Pieces 
3.2.8.b SEM Analysis 
A CambridgelLeica strereoscan 360 scanning electron microscope (SEM) was 
used in this study, which was carried out at an operating voltage of 20 kV. There are 
two types of electrons used to produce an image in the SEM i.e. secondary electron 
imaging (SED and backscattered electrons (BSE). The former was used to show the 
size and dispersion of the FR additives/fillers in the rubber matrix. To examine the 
fracture surface of the rubber samples and the adhesion between the NR matrix and 
the filler incorporated, BSE as well as SEI was used to produce good images. A good· 
contrast distinguishing the filler particles from the matrix was particularly achieved 
with BSE. This enabled the dispersion and the adhesion to be observed for each 
sample. The SEM was also equipped with energy dispersive x-ray analysis (EDX) to 
carry out elemental analysis on the surface of the samples. 
3.2.9 Flammability Tests 
Two types of test were used to measure the flammability of the samples: the 
Limiting Oxygen Index (LOD and the Underwriter's Laboratory (UL-94) test, which 
were described in Section 2.3. The LOI test was carried out using an FT A Stanton-
Redcroft apparatus, following the procedure described in BS 2782:Part l:Method 141 
[33]. The dimensions of the cut samples were; 80 mm length, 6.5 mm width and 3 
mm thickness. The flow rate of the nitrogen and oxygen mixtures was fixed at 18 
IImin before the sample was ignited using a butane gas burner. The flame was held 
against the sample for a maximum time of 30 seconds. During the application time, 
-------
, 
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the flame was removed when steady combustion was observed. The oxygen index 
which was quoted, measures the minimum concentration of oxygen that would sustain 
combustion for either three minutes or burning within a 50 mm reference mark below 
the top of the samples. In the experiment, apart from the duration and extent of 
burning, the behaviour characteristic such as dripping, charring, glowing etc were also 
recorded. 
For the UL-94 test, the samples were cut to 127 mm length, 12.7 mm width 
and 3 mm thickness. Before commencing the experiments, the height of the flame was 
adjusted to approximately 19 mm. The burner was then held at an angle of 45° to 
avoid any flaming drips, as illustrated in Figure 2.3 (Section 2.3.2). Five samples of 
each compound were tested with the flame initially applied for 10 seconds and 
. reapplied for another 10 seconds immediately the burning ceased. The duration of 
burning after the application of both the first flame and the second were recorded. 
Observations were also made to see if flaming drips set light to the cotton wool 
beneath the sample. The burn rating was designated as V-O, V-I, V-2 or fail. The best 
rating is V -0 where the burning time for each sample must be 10 s or less. In addition, 
there must be no flaming drips which ignite the cotton wool, and the total burn time 
for five samples must not exceed 50 seconds. The detailed conditions for each rating 
is listed in Table 3.6 [35]. 
Table 3.6: UL-94 Material Classification [35) 
Criteria V-O V-I V-2 
Total flaming combustion time for each specimen ~ 10s ~ 30s ~ 30s 
Total flaming combustion time for all 5 specimens of 
~ 50s ~ 250s ~ 250s any set 
Flaming and glowing combustion time for each 
specimen after the second burner flame application 
~ 30s ~ 60s ~ 60s 
Cotton ignited by flaming drips from any specimen NO NO YES 
Glowing or flaming combustion of any specimen to NO NO NO 
the holding clamp 
FAIL 
> 30s 
>250s 
> 60s 
YES 
YES 
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3.2.10 T hermogravimetric Analysis (TGA) 
The TG analysis was done on a TA lnstrwnents TGA 2950 to determine the 
thermal stability of NR compounds. The test was carried out in an air aunosphere, 
heating from room temperature to 700°C at lOoC/min. The sample sizes ranged from 
5-15 rng, with a total flow rate of 100 mllmin. During pyrolysis, the weight 
percentages of the initial weight of the sample were recorded continuously as function 
of temperature. Results were presented as percentage weight loss versus temperature 
(TG curve) and percentage weight loss of the sample per unit time versus temperature 
(Derivative TG curve). 
3.2.11 Smoke Density Measurements 
Smoke emission properties were determined using a smoke chamber 
conforming to NBS specification in the flaming condition. The equipment used was 
manufactured by Stanton Redcroft and owned by Tin Technology Ltd .. In this study, 
rubber samples 75 x 75 mm with a thickness of 3 mm were prepared. These were 
wrapped with aluminium foil on one side and placed in the sample holder (Figure 
3.11). 
Figure 3.1 1: Sample Holder 
Rubber 
Sample 
EXPE~ TAL PROCEDURE 64 
Figure 3.12 shows the six small pilot burners ignited. The other side of the 
sample's surface was exposed to both radiant heat (2.5 W/cm2), from an electric 
furnace, and six small propane pilot burners at a regulated fuel/air ratio. 
Electric 
furnace 
Figure 3.12:Setup for the Smoke Apparatus in an Enclosed Chamber 
Six small pilot 
burners 
The samples were burned in the flaming mode for 10-20 mins, in accordance 
with BS 6401 [37]. The build up of smoke in the enclosed chamber was measured 
optically by the reduction of a vertical light beam connected to a photocell. Maximum 
specific smoke density (Dmc) values were corrected for soot deposition on the optical 
windows and the data expressed as Ds (specific smoke density)/g and Dmc/g in order 
to normalize for initial sample weight. Results quoted were from single 
determinations. 
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4. RESULTS 
The results of this work are maillly focused on NR compounds. The effect of 
various types of FR i.e. DBBOI ATO mixtures, ATH, chlorinated paraffin (CP), zinc 
hydroxystannate (ZHS) and some combined compositions, on the mixing, cure 
characteristics, flammability behaviour and mechanical properties of NR have been 
evaluated. For CR compounds, the effect ofFR-DBBOIATO mixtures and ZHS was 
also investigated. 
4.1 NR Compounds with FR-DBBOIATO Mixtures 
Every compound was mixed in the two-roll mill. The time needed to mix 
together the rubber and the FR mixture was in the range of 12 to 16 minutes for 
compounds 1 to 5. Details of the mixing cycles are presented in Table 4.1. The tests 
which were carried out on these compound were LOI and the UL-94 test, since no 
curing agent and other compounding ingredients were added to these rubber mixes. 
Table 4.1:Recipe and Mixing Conditions For Compounds 1-5 
Compound ID 
NRlFR-DBBOI ATO 1 2 3 4 I 5 
Mixing Procedures and Formulations (phr) 
Roll temperature, °C 32 32 33 33 37 Before mixing started 
Mastication time of the raw 
elastomer, min (before the 16 4 4 6 4 
ingredients were added) 
SMRL (phr) 100 100 100 lOO 100 
Brominecompound(phr) 0 3.75 7.5 11.25 15 
Antimony trioxide (phr) 0 1.25 2.5 3.75 5 
Mixing time, min -16 -14 - 12 -14 - 14 
Roll temperature, °C - 42 42 43 43 
When the normal compounding ingredients had FR mixtures (DBBO and 
ATO) added to them no difficulties were encountered during mixing. The estimated 
mixing time and temperature of the compounds, and the two-roll mill, can be found in 
Table 3.4. 
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4.1.1 Flammability Behaviour of NR with FR Mixtures 
The burning behaviour of unvulcanisedlvulcanised NR were studied using 
both LOI and UL-94 tests. Comparison between compounds 1 to 5 and 6 to 10 was 
made by incorporating similar amounts ofFR-DBBOIATO mixtures. Table 4.2 shows 
the results for LOI and UL-94 tests on imvulcanised NR filled with different amounts 
of FR mixtures. Although the inclusion of 5, 10 and 15 % DBBOI ATO mixture into 
natural rubber generally increased the LOI value, the increase was not substantial. A 
marked effect was observed at 20% loading with a significant increase in the LOI 
value from 16.4% to 24.6% (Figure 4.1). Dripping was observed during the burning 
of all the rubber samples. 
Table 4.2: Flammability Behaviour of Unvulcanised NR with FR-DBBOIATO 
Mixtures 
Compound FR mixture (%) LOI UL-94 UL-94 Total Burn 
ID (1:3) (%) Rating Time (s) 
1 0% 16.4 FAIL Burnt to the clamp 
2 5 % (ATO+DBBO) 19.2 FAIL Burnt to the clamp 
3 10% (ATO+DBBO) 20.0 V2 156 
4 15% (ATO+DBBO) 21.4 V2 102 
5 20% (ATO+DBBO) 24.6 V2 108 
Compound 1, which is merely NR, bumt to the holding clamp and dripping 
occurred which ignited the cotton wool in the UL-94 test. This compound was 
recorded as a 'FAIL' in accordance with the rating given by the test. The compound 
containing 5 % of FR mixture also gave a 'FAIL' rating. Compounds 3, 4, 5 passed 
the V2 rating with a total flaming combustion for all five specimens ofless than 250 
seconds. Dripping which ignited the cotton wool, and a bubbling black char, occurred 
as the flame extinguished. As expected, the compound containing 15 % FR mixtures 
showed a decrease in total bum time compared to the 10 % FR mixtures. However, 
there was not much difference in total bum time between 15 and 20 % loading. 
Table 4.3 illustrates the results for the flame behaviour ofNR compounds with 
various loadings of FR mixtures. For compounds 6 to 11, the addition of up to 20 % 
FR mixtures had little effect on the LOI value. Figure 4.1 shows that the LOI values 
for the vulcanised rubber (Compounds 6 to 10) were in general lower than for the 
uncured rubber. No dripping was observed during any of the LOI test. 
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Table 4.3:Flame Behaviour ofNR Filled with FR-DBBO/ATO Mixtures 
Compound FR mixture (%) LOI UL-94 UL-94 Total Burn Time (s) 
ID (1:3) (%) Rating 
6 0% 18.2 FAIL N/A (Burnt to the holding clamp) 
7 5 % (ATO+DBBO) 18.0 FAIL NI A (Burnt to the holding clamp) 
8 10% (ATO+DBBO) 18.8 FAIL NI A (Burnt to the holding clamp) 
9 15% (ATO+DBBO) 19.8 FAIL N/A (Burnt to the holding clamF) 
10 20% (ATO+DBBO) 20.2 FAIL >315 
11 30% (A TO+DBBO) 22.6 VI 133 
NI A:Non-avaiIable 
Additional experiments at 30 % loading (compound 11) showed that the LOI 
value increased by 24 % from the control compound. Compound 6 was used as a 
control in many of the subsequent sets of compound. In the UL-94 test, compounds 6 
to 10 failed to achieve even the V2 criteria. The compounds burned erratically with a 
fast spreading flame to the holding clamp. Therefore, the total burn time for the test 
was not recorded. When the flame was extinguished manually, the flame dripped and 
ignited the cotton wool. At higher loadings (30% of DBBO/ATO mixture) however, 
the NR compounds were able to achieve the VI rating (Table 4.3). 
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4.1.2 Vulcanisation Characteristics 
Data obtained from the Rheometer at 160°C are summarized in Table 4.4 
whilst the cure curves are depicted in Figure 4.2 for compounds 6 to 11. It is clear 
from the curves as well as the data (Table 4.4) that incorporation of the bromine and 
antimony trioxide slightly reduced the torque values of the rubber compound. But in 
'. 
terms of exact value, there are no significant changes in the maximum torque 
observed. 
From the scorch times, denoted by t,2, there were no clear trends observed. 
However, the scorch time. and probably the cure time also appeared to increase 
slightly when the FR loading increased. It was noted that the optimum cure time, 
tc(95) and the scorch time slightly increased from 9.8 to 10.5 min and 5.6 to 6.5 min 
respectively, when the loading ofFR-DBBOIATO increased to 30 %. Looking at the 
cure c'urves (Figure 4.2), NR compounds underwent reversion, which is common for 
NR at slightly high temperature [41]. As for the compound viscosity, given by 
Mooney units (MU), with the addition of FR mixture, the viscosity was increased 
from 35 MU (unfilled) up to 53.3 MU at 30 % loading. 
Table 4.4:Cure Characteristics of Compounds 6-11 
Compounds ID 6 I 7 I 8 I 9 10 I 
Rheometer Characteristics at 160°C 
11 
1.2 (min) 5.6 5.9 6.2 6.0 6.5 6.5 
tc(90) mm 9.2 9.2 10.0 9.1 10.2 9.9 
tc(95) mm 9.8 9.7 10.6 9.6 10.8 . 10.5 
MddN.m) 6.2 6.2 5.3 5.5 5.3 5.2 
MHF(dN.m) 61.7 57.2 58.2 58.1 56.6 56.6 
b._(MHF - Md, dN.m 55.6 50.9 52.9 52.6 51.3 51.3 
ML(I +4) 100°C, Units 35.0 37.8 43.1 41.1 44.0 53.3 
Cure Rate Index (min") 24 27 23 28 23 25 
RESULTS 
70 
60 
so < 
....... 
s 
Z 40 
't:l 
'-' 
'l.l 
= 30 0-
... 
o 
f-< 20 
10 
O...L----,-------
69 
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
TIme (Secs) 
- 0 % FR mixtures 5 % FR mixtures - 10 % FR mixtures 
15 % FR mixtures - 20 % FR mixtures - 30 % FR mixtures 
I 
Figure 4.2:0DR Cure Traces Generated at 160°C for Compounds 6-11 
4.1.3 Mechanical Properties 
Table 4.S shows the median results for compounds 6 to 11, while Appendix B 
contains the individual results. The addition of S, 10, IS, 20 and 30 % of flame 
retardant mixtures (DBBO/ ATO) had little effect on the tensile strength of NR 
vulcanisates. Figure 4.3 is a plot of the individual tensile strength measurements as a 
function of FR loading. The data tends to show a reduction as the FR mixtures 
increased. The addition of 30 % FR mixture had the effect of reducing the tensile 
strength by about 12 % of the control. 
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Table 4.S:Properties ofNR Filled witb FR-DBBO/ATO 
Tensile EB Tear Cyclic Hardness 
ID NRlFR-DBBO/ATO strength (%) ener~ fatigue (Shore A) 
(MPa) (kJ/m) life (kc) 
6 Control 25.3 1684 12 190 36 
7 5%ATO +DBBO 23.4 1622 12 204 35 
8 10 % ATO +DBBO 26.7 1574 14 216 37 
9 15% A TO +DBBO 24.7 1586 14 192 37 
10 20% A TO +DBBO 22.4 1590 13 173 37 
11 30% ATO +DBBO 22.2 1807 14 145 37 
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Figure 4.3: Tensile Strength Versus DBBO/ATO Mixture Loading 
The elongation at break (EB) exhibited a similar trend to the tensile strength. 
The EB values decreased as the FR loading increased, with the exception of the value 
at 30 % FR mixture. 
Results from the tear strength tests as a function of various loadings of FR 
mixtures are shown in Figure 4.4. The data from the tear strength tests showed 
considerable scatter. Although it seems that the tearing energy increased slightly from 
12 to 14 kJ/m2 as the FR loading increased, this was not considered significant. 
30 
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Figure 4.4:Tear Strength Versus DBBO/ATO Mixture Loading 
As evident from the results (Figure 4.5), the nature of the fatigue test often 
produces a scatter of results. Nevertheless, a trend was observed. The results plotted 
in Figure 4.5 show that as the FR loading increased beyond 10 %, the cyclic fatigue 
li fe of the compounds tended to shorten. A substantial decrease from 190 kc to 145 kc 
was observed at 30 % loading, which was a 24% reduction in comparison with the 
control compound. 
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Figure 4.6: Hardness (Shore A) Versus DBBOI A TO Mixture Loading 
The hardness results displayed no significant changes as the filler loading 
increased, a. depicted in Figure 4.6. A filler loading of up to 30 % did not produce 
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any pronounced effect on the hardness. Compound 6 recorded a hardness of 36 shore 
A, while at 30 % loading ofFR mixtures, compound 11 had a value of 37 shore A, i.e. 
an increase of approximately I unit compared with the control compound (compound 
6). 
4.2 NR Compounds with ATH 
Compounding NR with high loadings of ATH on the two-roll mill was very 
difficult as mentioned in section 3.2.1. For this reason, the results presented in this 
section are based on compounds mixed in the internal mixer. (The full mixing 
conditions and the mechanical properties of compounds 12 and 13, which were 
prepared on the two-roll mill before moving to the internal mixer can be found in 
Appendix A and B accordingly). 
It was clear that without any processing oil or peptiser the addition of ATH 
into the NR would be difficult since the viscosity of the compound was 72.4, 86.2 and 
99.9 MU (Table 4.6) respectively, corresponding to 60, 100 and 140 pbr 10adings. 
However, these high loadings were essential in order to achieve the level of flame 
retardancy required. 
4.2.1 Vulcanisation Characteristics 
Details of Monsanto oscillating disc rheometer (ODR) results for minimum 
torque, maximum torque, and time to 95% of maximum torque are summarized in 
Table 4.6 and illustrated in Figure 4.7. When the ATH loading increased from 60 to 
140 pbr, the optimum cure time reduced from 9.4 to 7.1 min. Similarly, the scorch 
time, decreased slightly from 5.1 min to 3.8 min, at 60 phr and 140 phr loadings 
respectively. 
By looking at the cure curves (Figure 4.7), the increase in the minimum value 
of torque from 18.9 to 25.8 dN.m also showed that as the ATH loading increased, the 
viscosity of the compound increased too, as confirmed by the Mooney viscosity. It is 
also clear that there was a substantial increase in the maximum torque values from 
90.6 to 113.3 dN.m as the loading of ATH increased from 60 up to 140 phr. 
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Table 4.6: Cure Characteristics of NR Filled with ATH 
Compounds ID 14 15 16 
ATH 60phr 100 phr 140 phr 
Rheometer Characteristics at 160°C 
1,2 (min) 5.1 4.8 3.8 
1.:(90) (min) 8.9 8.0 6.7 
1.:(95) (min) 9.4 8.6 7.1 
MddN.m) 18.9 22.4 25.8 
MHF(dN.m) 90.6 98.9 113.3 
/). (MHF - ML), dN.m 71.7 76.4 87.5 
ML(1 +4) 100°C, Units 72.4 86.2 99.9 
Cure rate Index (min") 23 26 30 
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Figure 4.7: ODR Cure Traces ofNR filled with Different Loadings of ATH, 
A = 60 phr, B = 100 phr, C = 140 phr 
4.2.2 Mechanical Properties 
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Table 4.7 shows the effect of ATH on the properties of NR vu1canisates. 
These results indicate that the tensile strength declined substantially from 23.8 to 15.6 
MPa, as the level of ATH was increased. This significant reduction (34 %) in tensile 
strength of 140 phr compared with 60 phr loading is also depicted in Figure 4.8. The 
detrimental effects of ATH on the physical properties are not surprising and have been 
reported for ethylene-acrylic rubber and ethylene-propylene-diene rubber in previous 
studies [59,67]. 
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Table 4.7:Median Mechanical Properties ofNR Vulcanisate Filled with ATH 
Tensile EB(%) Tear Cyclic fatigue Hardness 
strength ener~ life (kc) (Shore A) 
(MPa) (kJ/m) 
60phr ATH 23.8 1384 12 59.7 55 
100phr ATH 17.0 1215 25 52.7 60 
140 phr ATH 15.6 1135 20 48.9 67 
~Tensile Strength -"'Elongation at Break (%) 
Figure 4.8:Tensile Strength (MPa) and EB (%) Versus ATH Loading 
A similar trend was observed for elongation at break as the level of ATH was 
increased. At 60 phr of ATH, the elongation at break (EB) was 1384 % which 
dropped by 18 % when 140 phr of ATH were used. The trend is also shown in Figure 
4.8. 
Figure 4.9 shows tear energy results including scatter (indicated by the range 
values). The scatter was substantial at lOO and 140 phr loading of ATH. During 
testing, a knotty tearing behaviour was observed in all the samples. Based on the 
median value, berween 60 phI and 100 phr, the tearing energy increased from 12 to 25 
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kJ/m2 but dropped to 20 kJ/m2 when 140 phr of ATH was added. Since the error bars 
were overlapping, the trend in the results was uncertain. 
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Figure 4.9:Tearing Energy Versus ATH Loading 
From the fatigue data displayed in Figure 4.10, the addition of higher amounts 
of ATH gave shorter fatigue cycles. NR filled with 60 phr of ATH gave a fatigue life 
of about 59.7 kc, whereas NR filled with the highest loading, 140 phr, gave a result of 
about 48.9 kc, which was an 18% reduction. The values recorded show quite a scatter 
in results. For example, a compound which contained 60 phr of ATH had a cyclic 
fatigue life of between 46 kc and 94 kc for the same sample. For these reasons, a 
large number of samples (eight or more) were needed to confirm the trend in results. 
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Figure 4.10:Cyclic Fatigue Life Versus ATH Loading 
There was a significant rise in hardness as the level of ATH increased. At 60 
phr loading it was 55 shore A and at 100 and 140 phr it was 60 and 67 shore A 
respectively. 
4.2.3 Microscopy Analysis 
Figure 4.11 (a), (b) and (c), show micrographs from the SEM of the surfaces 
from the virgin samples with 60, 100 and 140 phr of ATH, respectively. The samples 
were fractured manually after immersion in liquid nitrogen. It can be seen from the 
micrographs, that the dispersion of A TH particles throughout the rubber matrix were 
evenly distributed. However, several voids were seen to originate from the debonding 
at the interface. This is probably due to poor adhesion between the rubber matrix and 
the additives. Samples with 140 phr loading of ATH appear to have more ATH 
particles, as expected. Based on the EDX result, shown in Figure 4.12, the elements 
that were detected were dominated by aluminium (AJ) atoms. 
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Figure 4.11: Micrographs (x 4K) of Virgin Samples (Freeze Fracture) of NR 
Filled with: 
(a) 60 pbr of ATH 
(b) 100 phr of ATH 
(c) 140 phr of ATH 
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Micrographs of the fracture surfaces of the tear strength specimens are shown 
in Figure 4.13(a, b) and of the fatigue test sample in Figure 4. 13 (c). These figures 
were selected at different loadings of A TH and were observed at 4K magnification. 
The observations show that the ATH particles were detached from the rubber matrix 
creating wider holes. This observation provides further evidence of poor adhesion 
between ATH particles and the rubber matrix. 
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Figure 4.13: Micrographs (x 4K) of the Fracture Surface of NR Filled with: 
(a) 60 phr of ATH (Tear Strength Test Specimen) 
(b) 100 phr of ATH (Tear Strength Test Specimen) 
(c) 100 phr of ATH (Cyclic Fatigue Life Test Specimen) 
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4.2.4 Flammability Behaviour 
Table 4.8 demonstrates the influence of the ATH loading on the L01 value and 
UL-94 rating. As the level of ATH (60, lOO, 140 pm) increases, there is a substantial 
increase in L01 value. During the L01 test, samples that were tested below the 
determined L01 value self-extinguished with the formation of a solid crust on top of 
the burn surface. In addition less dense smoke was detected. For samples that tested 
above the LO! value, char was continuously formed and at a certain stage, cracks 
gradually started to appear in the centre. Finally, the outer layer collapsed and the 
flame continued to burn. An afterglow phenomenon was also observed but it 
gradually disappeared in less than 60 seconds. 
Table 4.8: Flammability Behaviour ofNR Filled with ATH 
Compound pm ofFR LOI UL-94 UL-94 Total Burn 
ID Rating Time (s) 
14 60pmof ATH 20.8 FAIL >470 
15 lOO pm of ATH 23.8 VI 185 
16 140 pm of ATH 27.2 VI 51 
The NR filled with 60 pm of ATH was rated as a 'FAIL' in the UL-94 test. 
After the first flame application, the samples continued to burn slowly, which then 
spread erratically. The samples burned up to the holding clamp and ignited the cotton 
wool. 
For the sample with lOO phr loading, the flame was not extiniuished 
. immediately after the first application and on the second flame application the flame 
continued to burn. This burning was however extinguished below the 30 second test 
threshold period to obtain a VI rating. 
With 140 pm loading, there was scarcely a burning flame on the first flame 
application and it burned for. between 6 and 18 seconds on the second flame 
application. Char was found on the surface of the samples containing 100 and 140pm 
ofATH. 
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4.3 NR Compounds with Zinc Hydroxystannate FRs 
4.3.1 Flammability Performance 
4.3.1.a Influence of Zinc Hydroxystannate (ZHS) 
Initially the NR compounds were mixed with various loadings of ZHS. NR 
compounds containing 2, 4, 6 and 10 pbr of ZHS were prepared using a two-roll mill. 
The result of the LOI measurements and the UL-94 rating are given in Table 4.9. It 
can be seen that the incorporation of up to 10 pbr ZHS produced no improvement in 
the flame retardancy ofNR compounds as indicated by the LO! value. 
Table 4.9: Flammability Behaviour of NR Containing ZHS 
Compound PbrofFR LOI (%) UL-94 UL-94 Total Burn 
ID Rating Time (s) 
17 0 IS.0 FAIL BTC 
IS 2 pbr ZHS IS.0 FAIL BTC 
19 4 pbr ZHS 17.6 FAIL BTC 
20 6 pbrZHS 17.6 FAIL BTC 
21 10pbrZHS 17.S FAIL BTC 
BTC: Burnt to clamp 
In the UL-94 tests, all the samples burned erratically to the holding clamp. 
As a result all were classified as 'FAIL'. During burning the samples were consumed 
and a 'sticky' condition was found on the rubber surface. 
4.3.1.b Influence of ZHS with Halogenated Compound 
Cereclor 70 (C70) was incorporated into NR compounds at 20 and 40 pbr 
loading with a fixed content of 0 or 4 pbr of ZHS (Table 4.10). The NR filled with 
only 20 pbr C70, the sample dripped flaming material which further promoted the 
spread of the flame in the LOI test. Similarly adding 40 pbr C70 had little effect on 
the LO! value. Samples containing 40 pbr ofC70 were observed to drip even more. 
When 4 pbr of ZHS was incorporated into compounds 24 to 26, there was a 
slight increase in the LO! value. The LO! increase was most likely due to a simple 
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dilution effect. A higher LOI was achieved by a combination of 4 pbr of ZHS and 40 
pbrofC70. 
Table 4.10: Influence of ZHS and Halogenated Compounds on the Flammability 
ofNR 
Compound Pbr ofFR 
ID 
24 
25 
26 
27 
28 
29 
20C70 
40 C70 
20DBBO 
4ZHS +20 C70 
4ZHS +40 C70 
4 ZHS + 20 DBBO 
BTC: Burnt to clamp 
*Refer to Table 5.1 
10I (%) UL-94 UL-94 Total Burn 
Rating Time~ 
20.2 FAIL BTC 
20.8 FAIL BTC 
19.4 FAIL BTC 
20.4 FAIL BTC 
22.4 FAIL BTC* 
20.2 FAIL BTC 
As indicated in Table 4.10, all the NR compounds discussed here failed the 
UL-94 test. The compounds produced flaming drips which ignited the cotion wool. 
4.3.1.c Influence of ZHS/ZS at Higher Concentration 
With due consideration to the commercial viability of the tin compounds, the 
amount incorporated were initially limited to between 2-10 pbr of ZHS. In this section 
. of the work, 20 pbr of ZHS was studied to find out the effect on the flammability of 
NR compounds. Comparative data with ATO and zinc stannate (ZS) was also carried 
out. Table 4.11 shows the flame behaviour of NR containing 20 pbr of each additive. 
Neither of the flame retardants alone gave any increase in the LOI value nor an 
improvement in the UL-94 result. 
Table 4.11: Flammability Behaviour of NR Containing FR at Higher Level 
Compound Pbr ofFR LOI (%) UL-94 UL-94 Total Burn 
ID Rating Time (s) 
30 20ZHS 18.2 FAIL BTC 
31 20ZS 18.2 FAIL BTC 
32 20ATO 18.4 FAIL BTC 
33 20 ZHS + 40 C70 24.5 VO 30 
34 20 ATO + 40 C70 25.6 V2 25 
The inclusion of 20 pbr of ZHS in NR filled with 40 pbr C70 markedly 
i!lCreased the L01 value compared with the values of the individllal (;omponents when 
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used alone. Furthennore, the combined effect of 20 phr of ZHS and 40 phr of C70 
was able to achieve the VO rating with a total burn time of 30s. In comparison, a 
combined effect of 20 phr of ATO and 40 phr of C70 gave a V2 rating due to the 
existence of flaming drips. The LOI value for both compounds (compounds 33 and 
34), were relatively similar. 
Severe 'stickiness' was observed on the two-roll mill when NR is filled with 
the combination of ATO and C70 (compound 34). 
4.3.1.d Influence of ZHS Combined with Halogenated Compound and ATH 
The addition of 60 phr of ATH into coinpound 27 increased the LOI value 
from 20.4 % to 23.4 .% (Table 4.12). Replacing the C70 with DBBO produced a 
similar result. During the LOI testing,. smoke was scarcely seen from either 
compound. In the UL-94 test, both of the compounds were classified as 'FAIL'. 
Table 4.12: Flammability Behaviour of Compounds 35-42 
Compound PhrofFR LOI UL-94 UL-94 Total Burn 
ID (%) Rating Time (s) 
35 4 ZHS + 20 C70 + 60 ATH 23.4 FAIL N/A 
36 4 ZHS + 20 DBBO + 60 ATH . 23.0 FAIL 210 
37 Control 17.8 FAIL Burnt to clamp 
38 140ATH 26.2 . VI 54 
39 100 ATH + 40 C70 26.0 VO 44 
40 90 ATH + 40 C70 + 10 ZHS 25.6 VO 25 
41 100 ATH + 40 DBBO 27.6 VO 0 
42 90 ATH + 40 DBBO + 10 ZHS 27.6 VO 10 
In section 4.2.4, it was shown that NR filled with 60 phr ATH was not 
sufficient to achieve the VO rating in the UL-94 test. Thus an increase in loading, up 
to 100 phr and even higher; was necessary. The idea of using ATH in conjunction 
with halogenated compounds could give compromise properties at the expense of 
, . 
smoke production. In order to study these systems, the total FR level was held 
constant at 140 phr. Compounds filled with a partial replacement of C70 did not give 
any improvement in the LOI value in comparison with the NR compound containing 
140 phr only (compound 38). This indicated that using a mixture of C70 and ATH 
exhibited no synergistic behaviour. 
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The burning time in a UL-94 test for compound 39 showed a value under 50s 
and was classified as VO. This rating was slightly better than compound 38 which 
attained VI. 
Further replacement of 10 phr of ATH with 10 phr of ZHS did not produce 
any further improvernent in the LOI value (Table 4.12). However, it can be seen that 
ZHS decreased the burn time in the UL-94 test. 
The compound filled with DBBO as the halogenated FR (compound 41), 
showed a LOI value slightly higher than that with C70 replacement. It can also be 
seen that the total burn time of compound 39 was zero, showing the samples did not 
burn, whereas compound 39 recorded 44 s. Further replacement of ATH with 10 phr 
of ZHS produced rio improvement in the LOI and UL-94 results. 
4.3.1.e Influence of ZHS in Halogen Free Formulations 
Table 4.13 shows the result for the flammability behaviour of NR 
compounds containing ZHS and halogen free FR. The total FR level was constant at 
140 phr. Similar to the previous results, the flammability of NR without any FR was 
classified as 'FAIL' in the UL-94 test. The incorporation of ATH into the NR 
increased the LOI and thus reduced the flammability of the compounds. Partial 
replacement of ATH by ZHS seemed to have little effect on the LOI and the UL-94 
results. The use of higher replacement levels of ATH with ZHS however decreased 
the LOI value and prolonged the burning time in the UL-94. 
Table 4.13: Flammability Behavior in Halogen Free Formulations 
Compound PhrofFR LOI UL-94 UL-94 Total Burn 
ID (%) Rating Time (s) 
37 Control 17.8 FAIL Burnt to clamp 
38 140ATH 26.2 VI 54 
43 130 ATH + 10 ZHS 26.6 VI 52 
44 125 ATH + 15 ZHS 26.4 VI 70 
45 130 ATH + 10 CL20 28.0 VO 47 
46 120 ATH + 10 CL20 +10 ZHS 27.4 VI 60 
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The addition of organoclay filler to improve the flame retardancy of other 
polymers such as EVA [82] and ABS [83] has been reported. Thus, the effect of ATH 
in combination with organoclay filler was investigated. The inclusion of organoclay 
filler, Cloisite 20A (CL20) produced a better flame retardant effect in NR in 
comparison to ZHS. A synergistic effect was observed when 10 phr of ATH was 
replaced with CL20. The LOI was raised from 26.2 % to 28 %. In addition, the 
compound gave a VD rating and the burning time was reduced by 47s. Further 
replacement of 10 phr of ATH with ZHS, in combination with CL20, did not seem to 
have an appreciable effects' as indicated by the LO] value, and the rating dropped from 
VO to VI in the UL-94 test. 
4.3.2 Vulcanisation Characteristics 
4.3.2.a Influence of Zinc Hydroxystannate (ZHS) 
The effect of the addition of 2-10 phr of ZHS on the cure characteristic of 
NR compounds is shown in Table 4.14. As expected, no significant changes were 
seen in the cure and the scorch time. In addition there was no clear trend observed in 
the difference between maximum and minimum torque values. However, at higher 
loading, the inclusion of 20 phr of ZHS tended to increase slightly the cure 
parameters. 
Table 4.14: Cure Characteristics of Compounds 17-21,30 
Compounds ID 17 18 19 20' 21 30 
ZHS 0 2 4 6 10 20 
Rheometer Characteristics at 160°C 
1,2 (min) 7.0 6.8 7.2 6.8 6.8 7.5 
tc(90) (min) 12.0 11.5 11.8 11.8 12.2 13.5 
tc(95) (min) 12.6 12.0 12.3 12.4 12.8 14.3 
MI.,(dN.m) 11.2 8.4 9.5 9.4 8.1 8.2 
MHddN.m) 67.6 65.4 64.4 66.5 66.8 69.2 
t1 (MHF - Md, dN.m 56.4 57.0 54.9 57.1 58.7 61.1 
ML(l +4) 100°C, Units 41.1 32.2 39.2 38.8 33.3 N/A 
Cure rate index ,min" 17.8 19.2 19.7 18.0 16.6 14.8 
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4.3.2.b Influence of ZHS with Halogenated Compound 
i) Influence of Cereclor 70 (C70) and ZHS 
Table 4.15 shows a combined effect of 20 and 40 phr of C70, with and 
without 4 phr of ZHS, on the cure properties of NR vulcanisate. The corresponding 
cure curves (compounds 23, 27 and 28) are shown in Figure 4.14. 
From these data, it can be seen that the optimum cure time increased 
considerably as the concentration of C70 'increased. A similar trend was observed on 
the scorch time. In the case of the speed of cure reaction (CRI), the values decreased 
with increasing level of C70. This indicated a cure retarding effect of C70. 
Table 4.15: Cure Characteristic of Compounds 23-28 
Compounds ID 22 23 24 25 27 28 
C70 0 - 20 40 20 40 
ZHS - 4 - - 4 4 
Rheometer Characteristics at 160°C 
42 (min) 6.7 6.9 8.7 9.9 8.8 10.3 
lc(90) (min) 11.8 12.7 15.2 18.6 15.9 18.7 
lc(95) (min) 12.4 13.4 16.1 19.1 16.7 19.9 
ML(dN.m) 7.8 7.9 6.4 4.8 6.5 5.2 
MHF (dN.m) 63.6 67.4 50.6 38.6 52.4 39.7 
Ll (MHF - ML), dN.m 55.8 59.5 44.2 33.8 45.9 34.5 
ML(l +4) 100°C, Units 33.9 35.9 N/A 14.2 28.7 18.4 
Cure rate index ,min"' 17.7 15.4 13.5 10.8 12.6 10.5 
From the cure curves, it can be seen that the torque values are reduced 
considerably when 20 and 40 phr of C70 is incorporated. In addition, the viscosity of 
the NR vulcanisate followed the same trend when the level of C70 was increased 
which was expected for an unfilled rubber. 
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Figure 4.14: Cure curves of Compounds 23,27 and 28 
ii) Influence of DBBO and ZHS 
Table 4.16 shows the effect of the addition of DBBO on the cure 
characteristics of NR. The results showed that 20 phr of DBBO did not significantly 
affect the cure characteristics of NR. Also. the incorporation of 4 phr of ZHS to the 
mixes had little affect on the cure parameters; 
Table 4.16:Cure Characteristics of Compounds 23, 26, 29, 35 and 36 
Compounds ID 23 26 29 35 36 
ZHS 4 - 4 4 4 
C70 - - - 20 -
ATH - - - 60 60 
DBBO - 20 20 - 20 
Rheometer Characteristics at 160°C 
1.2 (min) 6.9 6.8 6.7 7.2 5.8 
t.: 90) mm 12.7 12.2 11.3 12.3 9.8 
t.: 95) mm 13.4 12.8 11.8 12.9 10.4 
MddN.m) 7.9 8.1 7.9 7. 3 9.5 
MHF(dN.m) 67.4 66.2 61.4 68.0 86.0 
fj, (MHF - ML), dN.m 59.5 58.1 53.5 60.7 76.5 
ML(l +4) 100°C, Units 35.9 32.5 N/A N/A 42.7 
Cure rate index ,min" 15.4 16.7 19.6 17.4 22.1 
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Hi) Influence of ATH in Halogenated Compound 
For both compounds 35 and 36, the incorporation of 60 phr of ATH decreased 
the cure and scorch time (Table 4.16). The shortest curing time was recorded for NR 
filled with DBBO in combination with ATH. 
Table 4.17 shows the affect on cure characteristics for NR filled with ATH 
and in combination with C70 or DBBO. These mixes were prepared in the internal 
mixer. As can be seen (Table 4.17), partial replacement of ATH with DBBO slightly 
increased the scorch and the curing time. Whilst partial replacement of ATH with C70 
prolonged the scorch and cure time significantly. 
It also shows the effect of replacing some ATH with 10 phr of ZHS. The 
presence of 10 phr of ZHS further increased both the scorch and cure time. 
Table 4.17:Cure Characteristics of Compounds 38-42 
Compounds ID 38 39 40 41 42 
ZHS - - 10 - 10 
C70 - 40 40 - -
ATH 140 100 90 100 90 
DBBO - - - 40 40 
Rheometer Characteristics at 160°C 
ts2 (min) 3.5 7.5 7.5 4.5 5.7 
tc(90) (min) 6.6 12.9 13.1 7.8 9.3 
tc(95) (minl 7.3 13.8 14.0 8.4 9.8 
MddN.m) 21.1 13.1 12.8 19.1 20.7 
MHF(dN.m) 103.4 60.9 60.4 99.5 97.9 
/1 (MHF - Md, dN.m 82.3 47.8 47.6 80.4 77.2 
ML(1+4) 100°C, Units 90.9 60.4 54.5 86.6 89.4 
Cure rate index ,min·' 26.4 15.9 15.3 25.8 24.1 
A reduction in the minimum and maximum torque was observed as the C70 
was incorporated. The addition of C70 reduced !he compound viscosity by about 34% 
compared to compound 38. 
The use of DBBO as a partial replacement slightly reduced the viscosity. 
However, it was still considered high and the decrease not enough for ease of 
processmg. 
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4.3.2.c Influence of ZHS in Halogen Free Formulations 
The incorporation of ATR and ZRS in NR compounds was carried out using 
the internal mixer. The cure characteristics of these mixes are given in Table 4.18. 
The trend in results due to the partial replacement of ATR and ZRS was similar to 
that found previously in NR containing C70. In the case of replacement by CL20, the 
optimum cure and scorch time was reduced substantially. 
Table 4.18: Cure Characteristics of Halogen Free Formulation. 
Compounds ID 37 38 43 44 45 46 
ATR - 140 130 125 130 120 
ZHS - - 10 15 - 10 
CL20 - - - - 10 10 
Rheometer Characteristics at 160°C 
1,2 (min) 6.8 3.5 4.6 4.8 1.1 1.1 
tc(90)~min) 11.4 6.6 7.8 8.3 4.4 4.7 
tc(95) (min) 12.0 7.3 8.4 8.9 5.2 5.5 
ML(dN.m) 15.8 21.1 23.8 24.1 25.2 27.7 
MHF(dN.m) 68.1 103.4 115.2 117.0 108.7 106.9 
tJ. (MHF - ML), dN.m 52.3 82.3 91.4 92.9 83.5 79.2 
ML(1+4) 100°C, Units N/A 90.9 96.1 . 97.3 N/A 93.1 
Cure rate index ,min'l 18.9 26.4 26.9 24.8 24.4 23.0 
4.3.3 Tensile Properties 
4.3.3.a Influence of ZHS 
The tensile properties of NR compounds filled with up to 10 phr ZRS are 
shown in Table 4.19. It can be seen that there was no significant effect on the tensile 
strength and the elongation at break (EB) as tht< FR content increased. At higher 
loading, a slight decrease was observed. 
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Table 4.19: Tensile Properties of Compounds 17-21,30 
Compound ID Tensile Strength EB (%) 
(MPa) 
17 Ophr ZHS (Control) 29.1 1789 
18 2~hrZHS 29.7 1707 
19 4phrZHS 28.9 1707 
20 6phrZHS 28.7 1749 
21 -10 phr ZHS 28.9 1728 
30 20phr ZHS 26.7 1649 
4.3.3.b Influence of Halogenated Compound 
The influence of a higher loading of ZHS and its combination with C70 has 
been evaluated. Table 4.20 shows the tensile properties of these compounds. The 
addition of 20 phr of C70 reduced the tensile strength by 12 %. Further addition to 40 
phr of C70 resulted in a further 48 % decrease. This behaviour was expected SInce no 
filler was incorporated. During tensile testing, fracture occurred not within the gauge 
length but on the grip of the rubber samples. Thus the tensile properties of compounds 
25 and 33 could not be confirmed. 
Table 4.20: Tensile Properties of Compounds 22-25, 30-33 
Compound ID Tensile Strength EB(%) (MPa) 
22 NRControl 29.3 1600 
24 20C70 25.6 1749 
25 40C70 11.6 1623 
30 20 ZHS 26.7 1649 
31 20ZS 27.6 1620 
32 20ATO 28.6 1705 
33 20 ZHS + 40 C70 21.8 1867 
4.3.3.c Influence of ATH and Halogenated Compound 
Table 4.21 shows the influence on tensile properties of partial replacement of 
ATH by halogenated compounds. Partial replacement of 40 phr of ATH with C70 
increased the tensile strength from 15.6 MPa to 19.9 MPa (27 %). The substitution of 
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40 phr of C70 with DBBO produced a compound with a strength greater than 
compound 38. The EB results showed a similar trend. 
Table 4.21: Tensile Properties of Compounds 38-42 
Compound ID Tensile Strength EB (%) (MPa) 
38 140ATH 15.7 936 
39 100 ATH + 40 C70 19.9 1262 
40 90 ATH + 40 C70 + 10 ZHS 20.0 1263 
41 lOO ATH + 40 DBBO 16.3 1102 
42 90ATH+40DBBO+ 10ZHS 16.1 1110 
Further replacement of ZHS in both compounds containing either cio or 
, 
DBBO had no effect on the tensile strength. 
4.3.3.d Influence of ZHS in Halogen Free Formulations 
The tensile strength and EB values for compounds 37, 38 and 43-46 are 
shown in Table 4.22. When NR was filled with 140 phr of ATH the tensile strength 
decreased significantly from 28.~ MPa to 15.7 MPa. Overall, all the compounds filled 
with ATH, and its partial replacement by ZHS and organoclay filler, showed very 
little change in tensile strength. 
Table 4.22:Tensile Properties of Compounds 37-46 
Compound ID Tensile Strength EB(%) (MPa) 
37 Control 28.9 1527 
38 140ATH 15.7 936 
43 130 ATH + 10 ZHS 14.7 874 
44 125 ATH + 15 ZHS 14.9 870 
45 130 ATH + 10 CL20 14.6 766 
46 120 ATH + 10 CL20 +10 ZHS 15.7 790 
The compounds filled with organoclay filler did tend to have lower EB 
compared with other compounds. 
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4.3.4 Thermal Behaviour 
When flame retardant additives are incorporated into polymeric materials, 
the decomposition pattern of the polymers is normally altered. In this study, TGA was 
performed on the NR compounds with and without the addition of flame retardant 
additives. Two curves of weight loss versus temperature rise are shown in Figure 
4 .15. The figure shows the TG curves for NR containing 20 pbr ofDBBO with and 
without the addition of ATO. The incorporation of A TO and DBBO at a ratio of 1 :3 
resulted in a slightly lower percentage weight loss in the 400-600°C temperature 
range. However, there were no apparent changes in the initial decomposition 
temperature ofNR with and without ATO. 
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Figure 4.15: TG Curves TIlustrating the Effect of DBBO/ ATO in NR 
The inclusion of ZHS in NR compounds containing C70 as the halogenated 
compound was compared to the control compounds. Weight losses for the different 
compounds, heated in air, at a heating rate of 10°C/min, are presented in Figure 4.16. 
Under these conditions, compounds filled with 20 pbr of C70 experienced a rapid 
mass loss at 250°C. This shows that C70 decreased the thermal stability of NR in 
comparison with compound 37. Incorporation of 4 pbr of ZHS did not alter the onset 
decomposition temperature of either compounds 24 or 37. However, it can be seen 
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that the combination of ZHS and C70 seems to delay the thennal decomposition of 
NR. At about 600°C, all the compounds are completely reduced to ashes. 
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Figure 4.16:Thermal Degradation of Flame Retarded and Untreated NR 
Compounds in Air. 
Figure 4.17 shows the TGA curves of NR containing ATH and compounds 
with A TH partial replaced by C70 and ZHS. The onset of decomposition for the NR 
filled with 100 phr ATH and 40 phr C70 occurred at a lower temperature and the 
percentage weight loss increased. In addition this compound exhibited lower char 
residues compared to compound 38. 
The TG traces for compounds 39 and 40 show three distinctive 
decomposition stages, occurring over the temperature ranges 200-320, 320-460 and 
460-600°C. It was also noted that the TG curves did not show any significant 
differences for the two compounds 39 and 40 when more ATH was replaced with 
ZHS. However, corresponding DTG curves (Figure 4.18) show that NR compounds 
containing ZHS exhibit a sharp peak at about 280°C compared to those with no 
additives. 
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4.3.5 NBS Smoke Density 
NBS smoke tests were carried out on selected samples of the NR containing 
vanous combinations of FR additives/filler. Most of the samples in this study 
produced extremely high levels of smoke and tended to saturate the smoke test 
detector. Therefore, some of the samples were tested at one quarter the normal size. 
Table 4.23 gives the maximum corrected specific optical density per gram weight 
(Dmc/g). Correspondingly, Figures 4.19 and 4.20 shows the specific optical density 
(Ds)/g versus time. 
Table 4.23: NBS Smoke Results for NR Compounds 
Compounds ID FR Additive/filler (phr) Dmc/g (Flaming Mode) 
37 NRControl 99.61 
24 C70 (20) 99.96 
26 DBBO(20) 157.54 
27 ·C70 (20) + ZHS (4) 107.30 
33 C70 (40) + ZHS (20) 97.50 
34 C70 (40) + ATO (20) 135.40 
39 ATH (100) + C70 (40) 63.83 
40 ATH (90) + C70 (40) + ZHS (10) 68.98 
38 ATH (140) 10.73 
43 ATH (130) + ZHS (10) 10.88 
45 ATH (130) + CL20 (10) 12.04 
Sample Thickness (3 mm) 
The inclusion of 20 phr of C70 had little effect on the maximum smoke 
density compared with the unfilled NR compounds. Further addition of 4 phr of ZHS 
into NR filled with C70 raised the smoke density level by about 7 %. 
A comparison is made between the specific optical density ofNR filled with 
20 phr of DBBO and NR filled with 20 phr of C70. Figure 4.19 shows that using an 
aliphatic halogen source was clearly more effective in suppressing smoke density than 
an aromatic halogen source. Compound filled with DBBO additives increased the 
smoke density substantially. This is in line with the trend in polyester resins where 
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resins containing DBBO generated significantly more smoke than those containing 
C70 [20]. 
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Figure 4.19: Smoke Density of NR Filled with Halogenated Additives 
Recent interest in replacing ATO with tin compounds is demonstrated by the 
increasing level of pUblication involving tin additives. Thus, in Figure 4.20, a 
comparison is also made between NR tilled with ATO or ZHS, both in combination 
with 40 phr of C70. At these higher ZHS levels, the inclusion of ZHS in combination 
with C70 resulted a lower maximwn smoke density. In comparison with ATO, a 28 % 
reduction in smoke was obtained, with ZHS. 
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Figure 4.20: Comparison of Smoke Density with ATO and ZH S in Halogenated 
compound 
From the data in Table 4.23, a significant reduction in the levels of smoke 
emissions are observed as A TH was incorporated. As would be expected, partial 
replacement of A TH with C70 increased the smoke density. 
From the work by Cusack P.A [66], adding ZHS to polyester had the effect 
of reducing the amount of smoke produced. Unlike in polyester, partial replacement 
of ATH with C70 and ZHS in NR compounds seems to further increase the smoke 
density. 
A similar trend was observed in the halogen free formulations. There was no 
significant di fference in the Dmc/g values in the presence of ZHS (Table 4.23). 
Partial replacement of ZHS with organoclay filler slightly increased the 
maximum smoke density. This result conflicts with the improvement obtained in the 
LO! value. 
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4.4 Neoprene WRT (NWRT) Compounds with FR Mixtures (ATO and 
DBBO) 
4.4.1 Vulcanisation Characteristics 
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Results from the viscosity measurements and ODR tests for NWRT are 
summarized in Table 4.24 and a typical rheometer graph is illustrated in Figure 4.21. 
The cure curves showed a 'marching cure'. There was no significant change observed 
in the curves with the incorporation of 5 to 20 % FR mixture. The maximum torque 
values of these compounds were low compared to the control compound (compound 
47). 
No clear trends were observed in the cure and scorch time as the FR content 
increased. The viscosity between compounds seemed to vary slightly since it was 
controlled by the mixing time and the loading of FR mixtures. 
Table 4.24:Cure Characteristics for Compounds 47-51 
Compounds ID 47 48 49 50 51 
FRmixture 0% 5% 10% 15% 20% 
Rheometer Characteristics at 160°C 
ts2 (min) 6.6 6.6 6.4 6.3 6.6 
10(90) (min) 31.2 31.3 31.7 32.4 31.6 
10(95) (min) 36.9 37.2 37.3 37.9 37.3 
MddN.m) 8.4 8.1 7.6 7.9 7.5 
MHFJdN.m) 75.6 73.7 73.5 74.4 73.6 
/j, (MHF - ML)' dN.m 67.2 65.6 65.9 66.5 66.1 
ML(1 +4) 100°C, Units 35.5 34.8 30.9 33.9 33.0 
Cure rate index ,min" 3.3 3.3 3.2 3.2 3.2 
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Figure 4.21: Typical ODR Cure Traces of NWRT with the Addition of up to 
20% FR DBBO/ATO 
·4.4.2 Mechanical Properties 
Table 4.25 shows the results from various tests carried out with the NWRT 
compounds. The tensile strength results clearly show that the addition ofDBBO/ATO 
increased the tensile strength as depicted in Figure 4.22. The optimum tensile strength 
was achieved at 15 % loading of FR mixtures. At 20 % of the FR mixtures, the 
strength appears to decline from 15.6 MPa to 10.9 MPa. 
Table 4.25: Properties of NWRT Filled with FR-DBBO/ATO Mixtures 
Tensile EB(%) Tear Cyclic Hardness 
strength energr, fatigue life (Shore A) 
(MPa) (kJ/m) (kc) 
Control 4.1 730 5 8.7 52 
5 % (ATO+DBBO) 7.1 1094 4 8.2 52 
10% (ATO+DBBO) 12.0 1466 3 7.7 52 
15% (ATO+DBBO) 15.6 1630 4 8.3 52 
20% (ATO+DBBO) 10.9 1388 4 7.5 54 
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Figure 4.22: Tensile Strength (MPa) Versus DBBO/ATO Mixture Loading 
The elongation at break (EB) results exhibited a similar trend to the tensile 
strength results. The EB increased from 730% to 1630% when up to 15% FR 
mixtures was present in the vu1canisate. Further increases in the FR loading reduce 
the EB to 1388%. 
No significant change could be notice (Figure 4.23) in the tear strength as the 
addition ofFR mixtures was increased from 0 % to 20 % loading. The tearing energy 
of the compound was generally low with a minimum value of about 3 kJ/rn2 and a 
maximum value of 5 kJ/rn2. 
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Figure 4.23: Influence of FR Mixtures on NWRT Tearing Energy 
Figure 4.24 shows the cyclic fatigue life as a function of FR mixture loading. 
The cyclic fatigue life data displayed a wide spread of values. For instance, in the 
control compound, the range of values for fatigue life was ,from 7.2 kc to 12.1 kc for 
the same sample. The measured data points of cyclic fatigue life are plotted against 
FR loading. The trend was then predicted by fitting a straight line as shown in the 
same figure. The incorporation of up to 20% FR mixture's slightly shortened the 
cyclic fatigue life of the samples. 
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Figure 4.24: Influence of FR Mixture on NWRT Cyclic Fatigue Life 
There was no significant change in the hardness when the concentration of FR 
mixtures rose from 5 to 20%. This is similar to the previous results with NR 
vulcanisates. The range of the hardness values obtained was from 52 to 54 shore A 
(Table 4.25). 
4.4.3 Flammability Behaviour 
The results obtained from the flammability tests are summarised in Table 
4.26. There was a sharp increase in the LOI value from 35.5 % to 41.2 % after 
adding 5 % FR mixture to the control compound, as illustrated in Figure 4.25. Further 
increases in FR additives produced no substantial improvement. 
During the pyrolysis cif the CR, it was noted that dense smoke as well as 
heavy soot formed. Additionally, the eR burned with a luminous yellow, spitting 
flame and produced a very strong smell. At a certain stage, the spitting flame further 
ignited the flames and a number of sparks were seen around the samples. 
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Table 4.26:Flammability Behaviour of Compounds 47-51 
Compound FR mixture (%) LOI UL-94 UL-94 Total Bum 
ID (1 :3) (%) Rating Time (s) 
47 0% 35.5 VO 13 
48 5 % (ATO+DBBO) 41.2 VO 0 
49 10 %(ATO+DBBO) 42.0 VO 0 
50 15% (ATO+DBBO) 41.3 VO 0 
51 20% (ATO+DBBO) 41.0 VO 0 
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Figure 4.25: LOI Value Versus DBBOIATO Mixture Loading 
In addition to these observations, an afterglow phenomenon was often seen 
after the extinction of the flame. This lasted for more than 60 seconds. The outer 
layer fully burned leaving a white residue, which was very powdery. However, when 
the samples self-extinguished, the residue was a white hard material and very brittle. 
As expected, NWRT rubber had no difficulty in achieving the VO rating in the 
UL-94 test with and without the addition of FR mixtures. For compound 47, the 
samples were self-extinguishing and gave a total bum time of about 13 s. In addition, 
compounds 48-51 did not burn. Unfortunately glowing or afterglow, which is an 
undesirable effect, was observed during the test. 
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4.4.4 Effect of ATO 
CR was compounded with 2.5 phr of ATO without an additional halogenated 
compound. Table 4.27 shows the flammability behaviour of these compounds. The 
inclusion of ATO by itself increased the LOI value of NWRT by about 14 % and 
produced a VO rating in the UL-94 test. A replacement with ZHS was not as effective 
asATO. 
The combination with DBBO halogenated compound did not produce any 
significant increase in the LOI value and did not affect the UL-94 rating. 
Table 4.27: Flammability Behaviour of Compounds 52-SS 
Compound PhrofFR LOI (%) UL-94 UL-94 Total 
ID value Burn Time (s) 
52 Control 34.2 VI 42 
53 2.5 phrZHS 37.8 VO 0 
54 2.5 phr ATO 39.8 VO 0 
55 2.5 phr ATO + 7.5 phr DBBO 41.4 VO 0 
A difference between compounds 52-SS and previous NWRT compounds was 
that they were cured according to (,,(50), whereas others were cured at (,,(95). Table 
4.28 shows the tensile properties of these compounds. There was no significant 
change in the tensile properties except for compound SS. The addition of DBBO 
seemed to decrease the tensile strength and the elongation at break. 
Table 4.28 : Tensile Properties of Compounds 52-SS 
Compound Tensile Strength EB (%) 
ID (MPa) 
52 Control 15.3 1836 
53 2.5 phrZHS 15.0 1871 
54 2.5 phr ATO 14.5 1899 
55 2.5 phr ATO + 7.5 phr DBBO 13.6 1676 
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4.4.5 Thermal Decomposition of CR 
TG curves for four CR compositions are shown in Figure 4.26. It appears that 
no significant difference can be noticed between the compounds. They all exhibit at 
least a three-stage decomposition process. The first stage is at 300°C, where the CR 
compound exhibited a rapid weight loss. Between about 300°C and 500°C, there is a 
more gradual loss in weigh!. Finally, at about 500°C, a third weight loss was 
observed, leaving no residue. 
When DTG curves were analysed a similar trend as in NR was observed in 
CR. The addition of ZHS to CR produced a sharp peak at 300°C in DTG curves 
(Figure 4.27) compared with other CR compositions. 
100 
80 
o 200 400 
-- CR Control 
CR + 2.5 ATO 
CR + 2.5/7.5 ATOIDBBO 
--CR + 2.5 ZHS 
600 800 
Temperature (0C) 
Figure 4.26: TG C urves of Flame R etarded CR 
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4.4.6 NBS Smoke Results 
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As with other samples, samples tested were cut at one quarter of the normal 
size. Table 4.29 shows the maximum smoke density for NWRT compounds filled 
with ATO or ZHS at 2.5 pbr loadings. From the data, it can be seen that compounds 
filled with ZHS have a lower maximum smoke density than compounds filled with 
ATO. 
Table 4.29: NBS Smoke Results for NWRT Compounds 
Compounds ID FR Additive/filler (pbr) Dmc/g (Flaming Mode) 
53 CR + ZHS (2.5) 95.02 
54 CR + ATO (2.5) 102.7 
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5. DISCUSSION 
5.1 Effect of FR Mixtures DBBO/ATO on NR Compounds 
Decabromodiphenyl oxide (DBBO), which is an aromatic flame retardant, was 
selected to confer flame retardancy rather than aliphatic bound flame-retardants. This 
was due to the fact that aliphatic halogen compounds break down too easily compared 
to the aromatic structure. Additionally, antimony trioxide (ATO) is normally 
employed to provide a synergistic effect with the DBBO and has been used quite 
extensively in FR applications. The common ratio of these DBBOIATO mixtures in 
polymer formulations is 3:1 [44,48]. The distinct advantage of these flame retardant 
mixtures over ATH is that the addition of a small quantity is sufficient to improve the 
fire retardancy behaviour significantly. However, nowadays there is a tendency to 
replace it with" an inert flame retardant because of environmental issues, and 
additionally because ATH is cheaper than other flame retardants. 
NR compounds merely containing different levels of FR mixtures were 
produced to obtain the initial value of the LO!. This then assisted "in evaluating the 
effects of the addition of various ingredients on the flammability behaviour of NR 
compounds. 
S.l.l Flame Retardancy Behaviour 
As there was no curing agent incorporated into the uncured NR compound, no 
crosslink structure was expected in compounds I to 5. It was noticeable that the LOI 
value ofNR with just a FR DBBOIATO mixture (compounds 2 to 5) was higher than 
NR filled with similar FR and various compounding ingredients (compounds 7 to 10). 
According to Lawson [84], the oxygen index values are extremely sensitive to 
compounding variables. Thus additional compounding ingredients acted as a fuel in 
addition to the morphology of the rubber being changed. Melting and dripping away 
from the flame front may give anomalously high LOI values [84]. This is the case 
with unvulcanised rubber as it drips more easily. This would probably explain the 
results for the unvulcanised rubber, which gave high LOI values, compared to the 
vulcanised rubber. 
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It is known that as a result of its structure, NR bums readily in open flame. 
The incorporation of up to 20 % ATOIDBBO mixture was not sufficient to obtain the 
best rating in UL-94 tests. Compounds 1 to 5 achieved better ratings compared to 
compounds 6 to 10. This was expected since they have higher LOI values. The results 
from LOI as well as the UL-94 suggest that the selection of compounding ingredients 
is very important, since in this work normal compounding ingredients had an effect of 
increasing the flarnmabili ty of compounds. 
In terms of a practical formulation, a previous study [85] has shown that to 
produce NR classified as 'non-burning', about 25 phr of ATO and 50 phr of 
chlorinated paraffin need to be incorporated. The combination of A TO and DBBO 
with NR compounds is not common in practical formulations. This is also true for CR 
compounds [86]. This could possibly be because of consideration of the cost 
effectiveness in a particular application, as well as with concerns about the toxicity. It 
has been reported [9] that during the combustion of halogen based FR, especially 
halogenated dipheny1 ether, relatively high levels of polyhalogenated dibenzofuranes 
and dibenzodioxines have been found. 
5.1.2 Vulcanisation characteristics 
The properties of the unvulcanised rubber mix were evaluated to provide a 
basis for the physical changes (scorch safety or cure induction time, cure rate, state of 
cure or stiffness developed, and optimum cure time), which occur at various steps 
during the vulcanization of the rubber. Therefore, the effect of adding FR additives on 
cure, scorch time and torque values are discussed here. 
Overall the addition of up to 30% FR mixtures did not have a significant effect 
on the curing and scorch time, since no clear trend could be determined from the 
results obtained. A slight reduction in the difference between minimum and 
maximum torque (l1 (MHF - Md) however, indicated that crosslink density in the NR 
compounds was reduced, but not substantially. 
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5.1.3 Mechanical Properties 
Since the addition of ATOIDBBO was meant to impart flame retardancy, the 
amount used was chosen to just confer a sufficient effect without hopefully adversely 
affecting the mechanical properties. From the results obtained, the addition of 5 to 30 
% FR mixture had little effect on the tensile strength. A reduction in tensile values at 
15, 20 and 30 % loading was probably due to less or no adhesion between the FR 
additives and the rubber matrix. Considering the UL-94 test, with a 30 % addition of 
the FR mixture a VI rating was achieved without unduly affecting the tensile strength. 
In comparison, lOO phr of ATH was required to achieve the equivalent VI rating and 
this significantly reduced the tensile strength values. Therefore the benefit of a 
mixture ofDBBO/ATO was evident. 
Boyce R.J. [87] reported that in ethylene acrylic elastomers, the use of up to 
50 phr of DBBO and 10 phr of ATO has little effect on most physical properties. 
Therefore, despite this work being on different elastomer, it was expected that the FR 
mixture would produce no great effect on tensile strength, and this is evident from the 
results obtained (Table 4.5). ATOs are available in several grades, which differ in 
their particle size and shape. Antimony pentoxide or colloidal antimony oxide for 
example contains much fmer particles than the ATO used here and may be better for 
reinforcement of mechanical properties [44]. In this work, up to 20 phr of A TO had 
little effect on the properties of the compound (See Table 4.20). DBBO normally 
behaves as a non-reinforcing filler [88] depending upon its loading. However, in this 
work DBBO has a much greater effect on properties than ATO because large 
quantities are added. This could probably explain the minor reductio~ in tensile 
strength with up to 30 % DBBO/ATO mixture. 
Elongation at break showed a similar trend to tensile strength in NR filled 
with up to 20% DBBO/ATO mixture. This was also expected as in general fillers 
cause a decrease in the elongation at break as they have higher stiffuess than the 
matrix [89]. In addition if the adhesion is poor, the elongation at break may decrease 
more gradually which is the case with the results obtained. 
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Tear strength data is normally represented in terms of the tearing energy, T. 
The stick-slip or knotty tearing observed in tearing force versus crosshead separation 
traces showed quite a large variation in the peak forces. Therefore, the tearing energy 
results displayed a wide scatter. Based on the results (Figure 4.4), it can be concluded 
that there is no significant effect, due to the addition ofFR mixtures of ATOIDBBO at 
loadings up to 30 %. 
Similar trends were observed in the hardness values. There were no substantial 
increaSes in hardness as the FR loading was increased. Typically, trends in hardness 
measurements are reflected in modulus values at low strains and the maximum torque 
values in rheometer curves. Since the addition ofFR mixtures produced no significant 
effects on the torque values or cure time, it can be presumed that the degree of 
crosslinking was not severely affected, and hence hardness did not change. 
NR which was used in this work inherently crystallizes upon stretching and 
therefore imparts outstanding fatigue resistance at large deformation. The fact that NR 
is a self crystallizing rubber is reflected by the high cyclic fatigue life values (190 kc 
for control compound). In addition, the curing system, compounding ingredients and 
service temperature are also crucial. But in general, since the curing system selected 
in this work is a conventional crosslink, the high cyclic fatigue life was expected. 
This is due to the ability of weak polysulfidic crosslinks to rearrange under stress 
without breakage of the main chains [90]. 
An increase in fatigue life is normally related to the influence of filler-
elastomer and filler-filler interaction. However, it should be noted that there is an 
optimum level of adhesion between rubber and filler for the best reinforcement. 
Excessive interactions will diminish the molecular motions necessary for energy 
dissipation [91]. This factor is more critical in NR filled with reinforcing fillers such 
as carbon black or silica. In this work, the cyclic fatigue life was reduced as the FR 
loading increased. This could indicate that a combination of particle size used plus the 
small amounts used is not sufficient to supports additional mechanisms by which 
strain energy is dissipated [90]. 
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5.2 Effect of A TH on NR Compounds 
As has been mentioned already in Section 5.1, ATH is preferred as a FR over 
brominated and ATO compounds because of its limited effect on the environment. 
Thus, to determine the effect of ATH on NR compounds experiments were carried out 
to approximately determine the amount required to achieve a particular retardancy 
level. Selection of a suitable particle size, surface treatment and the surface area of 
A TH are important in ensuring the correct mechanical properties. It is also known . 
[92] that fine particles of ATH give excellent mechanical properties. In this work, 
ATH with a median particle size of 0.8 J.UIl and surface area of 6-8 m2jg was us·ed. 
This was expected to act as a semi-reinforcing filler in the rubber matrix. 
5.2.1 Vulcanisation Characterisation 
The difference between the maximum and minimum torque (MHF - ML) was 
plotted versus the ATH loading (Figure 5.1). The values obviously increased with 
ATH loadings. Thus, the stiffness of the compounds increased as the ATH loading 
increased. Compound· mixed with the two-roll mill have lower minimum torque 
values (Appendix B) compared with compounds mixed using the internal mixer 
(Table 4.6). This indicated that compounds prepared on the mill were excessively 
masticated. 
The effect of a high loading of A TH was to decrease the cure rate, cure time 
and also the scorch time. This decrease was due to the alkaline pH of ATH (PH=IO), 
which it is believed [75] influenced the kinetics of the crosslinking reaction. 
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Figure 5.1:Effect of ATH Loading on the Difference Between the Maximum and 
Minimum Torque. 
5.2.2 Mechanical Properties 
The fact that higher loadings of ATH have a detrimental effect on the 
properties of the compounds tested has been reported by other authors [24, 59]. 
Reduction of the properties is due to the fact that the amount of rubber in the matrix is 
considerably reduced and there was no intimate interaction between the ATH particles 
and the elastomer, which is essential for reinforcement to take place. The microscopy 
results shown in Figure 4.Il(a-c) demonstrate that the ATH particles are not well 
adhered to the NR matrix. This would act as an initial flaw and crack initiator site in 
the rubber compounds. More holes are observed in Figure 4.11 ( c) with 140 phr 
loading, compared to samples with 60 phr loading, and these correspond to a drop in 
tensile strength values. 
Finer particle size grades of ATH or ATH with surface treatment are often 
selected in order to improve the poor bonding between the filler particles and the 
rubber matrix. But this would give rather expensive compounds, which is not 
practical. Therefore, a compromise between flame retardancy requirements, 
acceptable properties for a particular application, the cost effectiveness in selecting 
various sort of surface treatment, and particle sizes has to be reached. A study by 
DISCUSSIONS 114 
Canaud [59] also suggested that the addition of a truly reinforcing filler, carbon black, 
in addition to ATH, is also applicable in certain applications. Furthermore, there is a 
tendency to lessen this problem by substituting part of the ATR with Mg(OH)2 or to 
use ZHS-coated ATH or ZHS-coated Mg(OH)2 [70]. 
Incorporation of a filler normally reduces EB and the value drops 
considerably at higher loadings. This fact is supported by the report of an 
investigation to determine the effect of different fillers (ATH, mica) on technological 
properties of NR [42]. A similar explanation to that used for tensile strength can also 
be applied. The evidence illustrated in Figure 4.11 (a-c) shows a weak attachinent 
between ATH particles and the NR matrix. The result is similar to a piece of rubber 
containing a series of holes. Both the tensile strength and elongation at break fall. 
The A TH did produce a significant increase in the tear strength of the NR. 
The sharp increase at 100 phr loading indicated that the rubber network was still 
providing a resistant to the propagation of micro cracks in shear. It should be noted 
that tear rate and test temperature also effect tearing energies. Observation of the 
process of tearing indicated that the direction of tear sometimes deviated from a 
. straight path and this contributed to a wider range of values. 
From SEM micrograph photos (BSE) taken from the failure surface of tear 
strength tests it can be seen that particles have been pulled out of the rubber matrix. 
Quite a number of holes can be clearly seen showing less adhesion between the 
phases as illustrated in Figure 4.13 (a,b). This further supports the previous 
observations on the virgin samples. Hence, poor wetting as observed in SEM virgin 
samples, resulted in a lower tensile strength, shorter cyclic fatigue life and poorer tear 
strength properties. Therefore the use of coupling agents or modified chemicals to 
improve the adhesion between the rubber and filler is necessary. 
The incorporation of a high loading of ATH particles with a small size (0.8 
fIDl) clearly produced a substantial increase in the hardness of the rubber. The result 
was as expected and is in good agreement with the different in torque values as shown 
in Table 4.6. 
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5.2.3 Flame Retardancy Behaviour 
ATH was added in order to reduce the flammability of the NR. The increase in 
the LOI was expected as the ATH decomposes into alurnina and water. In this study, 
with the incorporation of 60 phr to 140 phr, the rubber content in the compound 
formulation was reduced from between 58 wt% and 40 wt%. This will reduce the 
amount of fuel and interrupt the burning cycle. Additionally, alumina (AIO) protects 
the underlying surface by forming a layer of char. The water vapour, which is 
released, works through cooling and will further assist in extinguishing the flame. 
From physical observation, NR filled with ATH did not produce a dense smoke as 
was the case with FR-DBBO/ATO mixtures, which is a major advantage of using this 
type of FR. In addition, the spread of the burning flame with ATH loading was quite 
slow. 
The use of ATH improved the UL-94 rating from 'FAIL' to VI. This was 
achieved by a reduction in their burn time. 
5.3 Effect of Zinc Hydroxystannate FRs 
The synergistic effect of a halogenated compound and ATO .has been utilised 
in most practical formulations. A disadvantage in the use of A TO is that it can 
increase smoke production. Other possible replacement such as ~olybdenum (Ill) 
oxide, iron (Ill) oxide, magnesium (IT) oxide and titanium (IV) oxiqehave not been 
firmly' established. However some of them have been shown to be good smoke 
suppressants and effective FRs when used in combination with a halogen source [93]. 
In this study, the effect of tin compounds and their combination with other FRs on the 
flammability behaviour, cure characteristics, properties and smoke density were 
investigated. 
5.3.1 Flammability Behaviour 
S.3.1.a Influence of Zinc Hydroxystannate (ZHS) 
Figure 5.2 shows the LOI value ofNR containing ZHS, ATO and several FRs 
combinations. The addition of up to 20 phr ZHS did not have a significant effect on 
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both the LOI and UL-94 test. The samples were considered highly flammable 
compounds since they had an LOI value under 20 %. That is, the sample will burn 
readily in an atmosphere containing 19% oxygen or more. The 'FAIL' category in the 
UL-94 indicates that any PR used is not effective in suppressing the flame from 
spreading. Such behaviour was observed in NR containing 20 phr of A TO. The result 
was expected with ATO as it has no fire retardant effect when used on its own. ZHS 
and ZS, behaved in a similar way to the ATO. The mechanism responsible for the 
action of the ZHS in the NR compounds was not studied in this work. Nevertheless, in 
other polymer systems, it has been established that ZHS acted as a flame retardants by 
a combination of condensed and vapour phase mechanisms (halogen dependent) [21]. 
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Figure 5.2: Limiting Oxygen Index of NR Samples Containing ZHS, ATO and 
Their Combinations 
5.3.1.b I nfluence of ZHS with Halogenated Compound 
i) E ffect of C70 and DBBO 
Cereclor 70 is an aliphatic paraffin which has an inherent degree of flame 
retardancy because of its chlorine content. It is often used because of its cost 
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effectiveness compared to DBBO. When 40 phr of C70 was incorporated, the LOI 
value was measured as 20.8 % compared to 18.6 % for the control compound. Higher 
concentrations did not seem to produce a large improvement in the LOI value. This 
was as a result of dripping which was observed during the test, leading to flame 
spread. This can be attributed to the plasticizing effect of C70, leading to a significant 
reduction in viscosity as measured by the Mooney Viscometer (Table 4.15). 
Table 5.1: UL-94 Burn Data for NR Samples Containing ZHS, ATO and Their 
Combinations 
Compounds B\(s) Comments B2 (s) 
40C70 >319 FD,BTC -
4 ZHS, 20 C70 - FD,BTC -
4 ZHS, 20 DBBO - BTC -
4 ZHS, 40 C70 55 FD,SE >83 
20 ZHS, 40 C70 12 SE 18 
20 ATO, 40 C70 0 SE 25 
.. B\ = Total bummg tIme of 5 samples for first 19rutIon 
B2 = Total burning time of 5 samples for second ignition 
Comments 
-
-
-
FD,BTC 
SE 
FD,SE 
BTC: burnt to clamp; FD: Flaming drip. SE: self extinguishing 
Class 
FAIL 
FAIL 
FAIL 
FAIL 
VO 
V2 
The addition of 4 phr of ZHS in combination with 20 and 40 phr of C70 was 
still not sufficient to obtain a VO classification. However in the UL-94 test, there was 
some improvement at the first ignition for the compound filled with 4 phr ZHS and 40 
phr C70 as shown in Table 5.1. The flame removal by dripping led this sample to be 
self-extinguishing. Nevertheless, during the second ignition the samples continued to 
burn in addition to exhibiting flaming drips and therefore failed the test . 
. The slight increase in LOI value (Table 4.10) due to the combination of 20 phr 
of DBBO and 4 phr ZHS was found to be purely additive. Therefore, there was no 
degree of FR synergism up to 4 phr loading exhibited by the tin additives in both the 
NR containing C70 and those containing aromatic bromine compounds (DBBO). 
This result is opposite, with a study [20] on these tin additives in polyester resins. In 
the resins containing additive-type halogen compounds, the author concluded that 
ZHS are effective FR synergists when used at levels of up to 5 phr. This suggests that 
the effectiveness of ZHS is strongly dependent on the natIlre of the polymer/elastomer 
structure. 
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The combined effect of 20 phr of ZHS with 40 phr of C70 lowered the 
flammability ofNR to achieve the VO classification. It can be seen (Table 5.1) that the 
total burning time in the UL-94 test was reduced. In addition, the LOI results were 
significantly higher than the results when the two materials were added alone. This 
could be explained partly by a dilution effect. 
In comparison, NR with ATO loading was classified as VI due to the presence 
of flaming drips. This was probably due to an excessive reduction in the viscosity of 
the compound during mixing. The 'stickiness' and 'tearing' during mixing caused by 
the polarity of ATO and C70 contributed to the reduction. Nevertheless, NR filled 
with ATO demonstrated shorter burn time in UL-94 tests and slightly higher LOI 
values than ZHS. 
ZHS is claimed as an excellent smoke suppressant compared to ATO [64]. 
Thus, smoke density measurement were carried out to evaluate the effectiveness of 
both additives in NR compounds. From the data in Table 4.23 and Figure 4.20, 
notably 20 phr of ZHS in combination with 40 phr of C70 gave lower smoke density 
than ATO at the same loading. This shows that ZHS could be a positive replacement 
for ATO. ZHS is also regarded as a low toxic material in comparison to ATO. 
ii) Effect of ATH 
The use of ATH to impart flame retardancy has been mentioned in section 
5.2.3. In this part of the work, the effect of having a lower ATH loading (60 phr) 
combined with ZHS and a halogenated compound has been evaluated. These 
compounds 35 and 36 were prepared on the two-roll mill. Based on the LOI value, the 
performance of C70 and DBBO in these compounds was comparable. Both failed to 
achieve the VO class. 
Since no significant improvement occurred with the combination of A rn, 
ZHS and halogenated compound at lower loadings, the ATH loading was increased. 
NR filled with 100/40 ATHlC70 (compound 39) was compared With NR containing 
140 phr of only ATH (compound 38). Inconsistency in the burning data of the 
individual samples resulted in compound 38 obtaining a VI classification whereas 
compound 39 achieved the VO classification. In fact the difference between the burn 
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data was very marginal. Furthermore the LOI value only differed slightly. The ATH 
particles have been shown by SEM to have weak adhesion with the NR matrix 
(Section 4.2.3). This in turn resulted in a drop in tensile properties. An increase in 
tensile strength of about 22 % demonstrated the beneficial effect of the C70 addition 
compared to the compound filled with ATH only. It is likely that the C70 improves 
the adhesion between the ATH and the rubber matrix, which would explains both the 
improvement in the tensile strength and the UL-94 burning time. 
Further replacement of ATH with 10 phr ZHS has also been investigated 
(compound 40). Although there was no significant change in LOI value of compounds 
39 and 40, the incorporation of ZHS did tend to reduce the bum time in the UL-94 
test. In contrast, similar additions of ZHS prolonged the bum time for compounds 
filled with DBBO without an effect on the LOI value. This is in line with results in 
polyester re'sins (18], wh'ere ZHS was found better when used in conjunction with 
aliphatic or alicyclic halogen compounds, than with aromatic halogen compounds. 
It has been mentioned (Section 4.3.l.d) that replacement of ATH with C70 
could give a good balance in properties at the expense of smoke production. To 
support this statement, smoke density measurement were carried out for these mixes. 
A comparison of smoke densities (Table 4.23) shows that replacement of 40 phr of 
ATH with C70 increased the smoke density. These samples burn less vigorously than 
samples without the addition of ATH, as expected. TGA studies (Section 4.3.4) 
showed that NR filled with C70 degraded more rapidly and left less residues 
compared with compound 38. This indicates less solid-phase charring and eventually 
leads to the formation of larger amounts of carbon rich solids, which are the major 
constituent of smoke. The smoke suppressant effect of ZHS was not observed in this 
combination. 
S.3.1.c Influence of ATH and ZHS in halogen Free Formulation 
Halogen free systems are generally well specified in terms of low smoke 
emission; therefore all efforts were directed towards improving both fire retardance 
and reducing the levels of heat release. In most polymer system, the presence of ATH 
can significantly lower smoke level compared with FR based on brominated or 
chlorinated filled systems. In addition, thermal TGA had shown that the addition of 
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ATR slowed the rate of degradation of NR thus lowering the heat present. The 
presence of char would also result in a better insulation. In this section, halogenated 
compounds were not included in the compounding compositions. 
The LOI data (Table 4.13) show that the effects of having the combination of 
ATR and ZRS in NR compounds and indicated that there was no synergism 
exhibited. When compared with compound 39 and 40, which contained Cerec10r 70, 
they indicated that ZRS was not efficient without the presence of halogens. In 
addition, partial replacement with ZRS did not show any sigoificant change to the 
smoke density curve and the Dms/g value (Table 4.23 and Figure 5.4). This indicated 
that ZRS did not show any degree of smoke suppression in NR compounds. This is 
opposite to the fmding of Atkinson et al. [21] for polyester resins that ZRS exhibited 
greater smoke suppressant in the absence of halogen. This finding supports earlier 
discussion where the effectiveness of ZRS is strongly dependent on the structure of 
the elastomer/polymer (Section 5.3.l.b (i». 
The high viscosity values for all the compounds filled with high amounts of 
ATR shown in Table 4.18 indicate the difficulty of compounding these materials. 
Partial replacement with ZRS further increased the compound viscosity. As discussed 
in Section 5.2, there is a need to replace ATR with other newer grades in order to 
achieve significant reductions in viscosity. 
Table 5.2 shows the variation in the burning time for compounds filled with 
ATR and ZRS. ATR and ZRS gave burning times that were not consistent to enable a 
VI classification. In comparison, it is interesting to note that the incorporation of 
organoclay filler, Cloisite 20A (CL20) produced comparable burning times and 
furthermore gave more consistent burn data to attain the VO class. There are several 
possible reasons to explain this inconsistent behaviour. As the additive particles were 
readily observed following cure, it can probably be attributed to insufficient mixing 
time and hence the formation of particle agglomerates. Poorer dispersion could also 
be the reason and yet SEM pictures (Section 4.2.3) had shown that the ATH particles 
were evenly distributed. This would explain why some samples gave better burn time 
than other samples. Another reason is a weak adherent of ATR with the rubber 
matrix. Compounds filled with C70 exhibited improved adhesion which produced a 
more consistent burning data. Thus, based on the results obtained for compound 39 
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which contained C70, to achieve more consistent burning with a higher loading of 
ATH, adding some plasticizer would be necessary. 
Table 5.2:UL-94 Burn Data for Compounds 38,43-46 
Compounds Compounds First Ignition 
, 
Second Observed 
ID (s) Ignition' (s) dripping 
38 140ATH 2,2,0,2,2 7,18,7,1,13 No 
43 130 ATH + 10 ZHS 2,2,2,1,4 9,16,3,5,8 No 
44 125 ATH + 15 ZHS 2,3,2,3,3 18,2,6,14,17 No 
45 130 ATH + 10 CL20 1,3,2,3,3 5,6,9,7,8 No 
46 120 ATH + 10 CL20 +10 ZHS 3,5,2,2,3 7,9,12,7,10 No 
"Time to self-extinguish after 10s ignition 
The incorporation of organoclay filler in NR compounds produced a better 
flame retardant effect without changing the tensile properties significantly. However, 
smoke density measurements had shown that the combination with ATH did not give 
a further reduction. The effect of having ZHS. had no effect in reducing smoke 
density. In fact compound 46 exhibited the highest maximum smoke density in the 
halogen free formulations. The opposite effect was found for ethylene· vinyl acetate 
copolymer [55). These fmdings showed that partial replacement of ATH with clay 
filler and ZHS gave a reduction in the smoke parameter as. measured in the Cone 
Calorimeter method. Although a different method was used to evaluate the smoke' 
density, Cusack P.A. (40) has demonstrated that there is a correlation in the 
determination of smoke obscuration by Cone Calorimeter and NBS Smoke Box tests: 
5.3.2 Vulcanisation Characteristics 
The trends in the cure characteristics of the NR with the various FRs selected 
were identified from the test results. It is clear that C70 is an acidic ingredient, based 
on the cure parameters obtained. When compared to the control compound, C70 
retarded the cure and this was dependent upon its loading. As for ZHS, the effect was 
to slightly increase the cure parameters. From Table 4.16, DBBO in quantities up to 
20 phr loading, had little effect on the cure parameters. 
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As has been discussed in section 5.2.1, ATH has a high pH at approximately 
10. The accelerating effect of ATH on cure can be seen by a reduction in curing time. 
As such, it can be considered as an acid acceptor and cure activator in some 
formu lations where acidic and other compounding ingredients can be detrimental. 
The data in Figure 5.3 shows the benefit of the A TH addition to a compound already 
highly loaded with an acidic flame retardant, such as C70, in improving the cure time. 
For compounds containing 140 phr of ATH, partial rep lacement by only 10 or 15 phr 
ZHS had little effect on the curing parameters. 
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Figure 5.3: Effect of ATH on Curing Time 
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The effect of organoclay on the cure parameters was even greater. Partial 
replacement of ATH by 10 phr CL20 resulted in significantly shorter cure and scorch 
times. Such an accelerating effect has already been reported for different rubber [94], 
and is probably attributed to the reaction of sulphur-containing compound and the 
amine groups in the nanoclay structure. 
5.3.3 Tensile Properties 
The addition of up to 20 phr ZHS did not have a considerable effect on the 
tensile properties. The incorporation of C70 in unfilled rubber acted as a plasticizer 
besides imparting flame resistance. The large amount incorporated resulted in a 
deterioration in tensile properties (Table 4.20) but did not give significant 
improvement in the LOI value. The best balance of tensi le properties and flame 
retardancy was achieved with compound filled with 90 phr of ATH, 40 phr C70 and 
10 phr of ZHS (compound 40) at the expense of smoke production. 
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A significant decrease in the tensile properties of compounds 38, and 43 to 46 
was observed (Table 4.22). Since a tremendous loading of A TH was used and then 
was less adhesion between the ATH particles and the rubber matrix, they probably 
acted as stress concentrations and the point at which fracture was initiated. Their 
replacement by ZHS and organoclay fillers produced little change in tensile strength. 
This again suggests the use of a treated filler, the addition of coupling agents or 
probably a change in compound formulation to improve the tensile properties. 
5.3.4 Thermal Decomposition Behaviour 
5.3.4.a NR with FR-DBBOIATO 
Antimony-halogen synergism in FR polymers is well known [7, 15]. In 
polyester fibers [15], the incorporation of ATO resulted in a greater weight loss and 
lowered the decomposition temperature range. This was due to interaction between 
ATO and the bromine source. The TG curves (Figure 4.15) of NR with and without 
the addition of ATO, do not support similar behaviour. No effect was observed in the 
initial decomposition of both compounds. However, the incorporation of ATO 
resulted a delay in the decomposition of NR in the 400-600°C temperature range. In 
addition there was a slight increase in residuals. There was only a small difference in 
the LOI value of these compounds (Tables 4.3 and 4.10). 
5.3.4.b NR with FR-C70/ZHS 
For compounds 24 and 27 which contained chlorinated paraffin, a rapid 
weight loss took place at about 200°C. They have a lower thermal stability compared 
with compounds 37 and 23. In the temperature range 200 to 300°C, the volatilization 
of the C70 (chlorinated paraffin) probably took place i.e. the formation of volatile 
HC!. Beyond 350°C, it appears that compound 27 (NR containing ZHS) lost 
significantly less weight compared with the weight loss in ZHS-free compositions 
(compound 24). This indicates that in combination with halogenated compound, ZHS 
delayed the path of decomposition. At 500°C, the decomposition of the hydrocarbon 
chain is finally complete. It seems that all compounds tested decomposed leaving little 
residue. 
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Since the flame testing gave little improvement, no significant effect on the 
decomposition profiles could be expected. Therefore it was surprising that a 
difference was noted for compound 27. This is in good agreement with DBNPG (68) 
where the addition of ZHS produced a large number of transitions in TGA curves. The 
incorporation of ZHS additives into the NR containing C70 resulted in a new peak 
being formed. This probably corresponds to the reaction between the C70 and ZHS. 
5.3.4.c NR with FR-C70/ATHlZHS 
From Figure 4.17, the compound filled with 140 phr of ATH gave the highest 
residues compared to other compounds tested. This behaviour was expected since as 
more ATH was incorporated it would provide both incomplete dehydration and solid-
phase charring. This would support the improvement seen in the Lor tests (see 
Section 4.3.l.e). In addition, the enhancement by ATH correlates with the low level 
of visible smoke (Table 4.23). The two-stage weight losses in compound 38 are 
probably attributable to water released by the decomposition of ATH and the main 
breakdown of the hydrocarbon chain. 
The thermal stability of NR was reduced with the partial replacement of 40 
phr of C70, resulting in less residue. From the DTG curves (Figure 4.18), it can be 
seen that the pymlysis peaks shifted to a lower temperature. Further replacement by 
ZHS produced no pronounced change in the TGA decomposition curve. However 
similar trends as seen earlier in compound 27 were observed for this compound 
(compound 40). There is a significantly higher peak in the weight loss derivative 
curve at 260°C in comparison with compound without ZHS (compound 39). Further 
evaluations are needed to explain all the differences in these curves. 
5.3.5 Smoke Density 
For plastic materials the smoke density, under a constant external radiant flux 
increases rapidly with time after ignition but eventually decreases and finally 
disappears completely once the sample is consumed. On the other hand, for 
compound filled with 140 phr ATH (compound 38), partial replacement of 10 phr 
ATH with ZHS (compound 43) and partial replacement of 10 phr ATH with 
organoclay filler (CL20) (compound 45), at a continuous constant external radiant 
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flux, several peaks were observed. From Figure 5.4, two distinct maximum smoke 
densities can be seen for compounds 38 and 43, whilst there are three peaks for 
compound 45. Once the samples were burned, a protective layers was formed. The 
smoke density decreased rapidly with time due to the formation of a heat insulating 
char layer near the sample surface. At some stage, when this layer was physically 
broken, rapid flaming occurred. This explains the second increase in the smoke 
density curve. 
A similar explanation can also describe the three distinct peaks for compound 
45. Although partial replacement of CL20 resulted in a higher maximum smoke 
density, the fIrst fIve minutes exposure to the radiant flux produced lower results 
compared to compounds 38 and 43. Hardly nothing remained on the sample holder of 
the sample tested. It is less effIcient in providing a thermally insulating barrier 
between the underlying polymer substrate and external heat source. As a result it is 
not likely to contribute to the overall smoke suppression. It is generally accepted that 
one of the key attributes necessary to improve fIre performance of polymer materials 
is the enhancement of the char stability [71]. Thus, it is believed that the instability of 
the char layer was responsible for the several peaks observed in the smoke density 
curve. 
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Figure 5.4:Specific Optical Density ofNR in Halogen Free Formulations 
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5.4 Effect of FR Mixture (ATO and DBBO) on Neoprene WRT (NWRT) 
5.4.1 Vulcanisation Characteristics 
Figure 4.21, shows that NWRT gave a marching cure i.e. the torque 
continuously increased with time. In general, t,. (MHF - ML) is closely related to the 
modulus at low strain (3° angle equivalent to about 20 % strain) [95]. Therefore as a 
rough indication, the t,. (MHF - ML) values suggest that CR exhibits a high modulus in 
comparison with NR. This was confirmed when it was observed that the NWRT 
vu1canisate from the rheometer testing appeared to be very brittle. 
As with the NR compounds, there was no substantial effect on cure and scorch 
time with the incorporation of different loadings of FR mixtures. 
5.4.2 Mechanical Properties 
NWRT typically has a high gum strength similar to NR due to its ability to 
crystallize. The tensile strength obtained in this work was much lower than expected 
for a crystallized rubber. There are many factors that contribute to the lower value of 
tensile strength and shorter cyclic fatigue life. Slight tearing observed from the mixing 
process may cause an excessive break down of the elastomer chains, causing a drop in 
physical properties. Another possible explanation is due to the marching cure. It has 
been assumed that the increase in torque values is proportional to the number of 
crosslinks formed per unit volume of rubber [90]. This implies that curing for longer 
periods of time will create a high crosslink density that will reduce the mobility of the 
rubber molecules, which is necessary for energy dissipation. Thus, selection of the 
optimum cure time is necessary to obtain an optimum level, which in turn will provide 
an optimise resistance to fracture. Evidence for this statement was supported by 
compound 51, which was cured at different cure times i.e. 20, 25 and 37 mins. 
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Figure 5.5 shows that a high tensile strength of 18.2 MPa was achieved at 20 
minutes compared with only 10.9 MPa at 37 mins cure time. Therefore it is obvious 
that 37 mins cure time was excessive and over cure occurred which probably 
contributed to the other lower values obtained in all the mechanical tests conducted. 
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Figure 5.5:Tensile Strength (MPa) Versus Cure Time (min) 
The significant increase in tensile strength with up to 20% FR additives is 
possibly due to the polarity of ATO, and the particle size (1.2 fUll), which aided a 
slight interaction between ATO and the rubber matrix. 
The elongation at break (EB) also showed an increase with the increase in FR 
mixture. This was surprising since in normal rubber systems, the addition of a filler 
usually resulted in a decrease in EB. In this case, it has produced an opposite trend. It 
has been noted that the tensile strength of the compounds containing 0 to 20 % was 
much lower than would be normally expected. Therefore the possible explanation to 
this behaviour is that the combined effect of ATO and DBBO has an effect in 
changing the rubber structure and that this dominated the measured values of EB. To 
establish whether this were the case it would be of interest to show the effect of these 
FR additives alone on the properties ofNWRT rubber. 
The low tear strength of all the samples containing 0 to 20% FR mixtures can 
be explained in a similar way to the low tensile strength, (Section 5.4.2) and is a 
=-"""'=~----
DISCUSSIONS 128 
consequence of the excessive break down of the elastomer chains. The tearing of the 
rubber samples was very complex. These measurements are governed by factors such 
as tear rates, temperature, deviation of the tear path and natural flaws i.e. blunting and 
due to these factors, there was a wide scatter in results as shown in Figure 4.23. In 
addition, the chemical nature, particle size and shape, and the surface activity of the 
FR mixture can also influence the variability. The amount of FR mixture did not seem 
to have an effect on the tear strength. 
Another intrinsic property, which is affected by self-crystallising elastomers, is 
fatigue life. As mentioned previously (Section 5.1.3), when considering a particular 
rubber formulation, conventional sulphur crosslinks are preferred because of the 
polysulphidic linkages in order to obtain a suitable fatigue resistance. Nevertheless, 
NWR T compounds (47 to 51) in this work exhibit dramatically shorter cyclic fatigue 
life, which was expected due to the excessive cure time. The effect of FR mixtures 
was to produce no substantial impairment in fatigue life when the loading was 
increased up to 20%. Also there was no correlation between tensile strength and 
fatigue cyclic life. The tensile values did tend to have an optimum loading, whereas 
there was a slight reduction in fatigue values. This reduction probably related to 
various degrees of inhomogeneity in the rubber matrix. They can form highly 
localized stress concentrations that initiate fatigue failure. The small magnitude of this 
decrease was probably related to minor interactions with up to 20 % FR mixtures 
within NWRT which slowed down the propagation of fatigue cracks, when subjected 
to repeated stresses. 
5.4.3 Flame Retardancy Behaviour 
The flame retardancy ofNWRT is dependent on the quantity of halogen in the 
rubber. Due to its chlorine content and, its tendency to form crosslinked char [84], CR 
is superior to NR. The results for LOI obtained in this work for the cured gum 
. compound were in agreement with the values reported [27, 84] by several authors, 
which is within the range of 30-40%. 
NWRT burns with' sooty, dense smoke. It is well known that the 
incorporation of ATO contributes to the smoke generation and is also the main cause 
of afterglow [14]. However, despite these disadvanta?:s, !he_ .compound exhibIts a _·0 •. 
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high LOI value i.e. 35.5 % for the control compound, which means it is classified as a 
self-extinguishing elastomer. Additions of up to 10% FR additives increased the LOI 
value to 42%. 
The mechanisms responsible for a synergistic effect between ATO and a 
halogenated compound has been suggested as follows [7]. It can be presumed that 
halogens from DBBO, or eR rubbers, form HBr or HCl respectively. These molecules 
react with the highly reactive radicals, forming species which are low in energy and 
therefore do not support the fire. In addition ATO produces volatile antimony 
trihalide, which further inhibits the burning flame. 
The possible reason for the afterglow phenomenon is the fact that the pyrolysis 
reaction ofNWRT is exothermic and self-catalyzing. 
Similar explanations to those above can be applied to justify the superiority of 
NWRT rubber in UL-94 tests. A combination of the gas phase reaction (which was 
dominant) and the condensed phase reaction (char observed) suppress the burning 
process. All the samples, including the control samples, were self-extinguishing and 
attained a VO rating. 
5.4.4 Effect of ATO 
The experiment with compounds not containing DBBO indicated that NWRT 
with the addition of ATO was sufficient to obtain a high LOI value. This probably 
suggested that the release of hydrogen halide from the rubber chains itself, and in 
combination with ATO, was able to enhance the flame retardancy of the rubber. It 
was also found that ATO was significantly more effective than ZHS as a flame 
retardant. However, Figure 5.6 shows the smoke density curves for NWRT filled with 
2.5 phr of ZHS or 2.5 phr of ATO. It appears that ZHS additives slightly 
outperfonned ATO. 
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10 
Compounds 52 to 55 exhibited similar TG traces (Figure 4.26). For example 
NWRT compound 53, loses approximately 40% of its weight at 300°C (Figure 5.7). A 
rapid loss in weight is probably associated with the release of HCI from the polymer 
chain and the formation of a more stable hydrocarbon residue. This trend is in 
agreement with similar TGA curves conducted by other authors [47]. Between 300 
and 500°C, they suggested that a gradual loss in weight was attributed to a gradual 
oxidation of the highly crosslinked carbonaceous residue of the polymer chain. 
Finally, at about 500°C, the weight loss probably resulted from ignition of the 
carbonaceous residue. 
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The derivative weight peak height at 300°C (Figure 4.27) exhibited by 
compound 53 was significantly higher than other compounds. A similar peak as a 
result of the incorporation of ZHS was also found in NR compounds. The 
volatilisation of elements such as tin or zinc, and interaction between the halogen and 
the tin and zinc could possibly be responsible. Further evaluation is needed before any 
conclusion can be reached. 
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6. CONCLUSIONS 
i) When adding a mixture ofDBBO/ATO at a 3:1 ratio to NR gum compounds, 
at least a 30% loading is required to achieve a VI rating. This loading does not 
adversely affect the mechanical properties. 
ii) The addition of compounding ingredients to NR increased the flammability. 
iii) All compounds, irrespective of the type of flame retardant added, should 
possess a certain level of viscosity to prevent them from dripping during 
testing for flame retardancy behaviour. 
iv) ATH produced good fire retardancy if sufficient was added. A loading of 140 
. 
phr was required to achieve a VI rating. The mixing of ATH in NR 
compounds was best achieved by using an internal mixer. However, the 
viscosity of NR vulcanisate was increased with the loading, which made the 
processing of the compound difficult. SEM micrographs revealed that there 
was poor adhesion between the ATH particles and the rubber matrix. This had 
an adverse effect on the mechanical properties ofNR. 
v) Incorporating chlorinated paraffin wax (CP) as a partial replacement for ATH 
improved the tensile properties but at the expense of smoke production. 
Processing ATH in the two-roll mill was also improved by adding CP. 
However, no synergistic behaviour was found with CP in combination with 
ATH. Additions of ZHS produced no great effect on the flame retardancy 
behaviour. 
vi) The addition of up to 20 phr ZHS/ZS or ATO was not effective as a single 
flame retardant in NR compounds. From the trials conducted in this work 
with ZHS in combination with halogenated compounds, compounds 
containing 10 phr of ZHS with 90 phr of ATH and 40 phr of CP had the best 
balance of fire retardant behaviour and mechanical properties. 
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vii) Overall DBBO showed a comparable perfonnance to CP at a loading of20 phr 
in LOI tests. However DBBO produced higher smoke density than CP. 
viii) ZHS in combination with ATH, in halogen free fonnulations, did not produce 
any synergistic effect in the flammability behaviour and no degree of smoke 
suppressIOn. 
ix) Incorporating organoclay in conjunction with ATH achieved better flame 
retardancy compared with ZHS. However, the char stability of both these 
compounds was insufficient to produce adequate smoke suppression although 
the ZHS in conjunction with ATH was best. 
x) Mixing ATO with C70 in NR compounds in the two-roll mill was difficult. It 
was also difficult to mix NWRT rubber and ATO. 
xi) The inclusion of ATO alone in NWRT significantly improved the flame 
retardancy of the rubber. Replacement of the ATO with ZHS was not effective 
in increasing LOL Further additions of a brominated compound to NWRT 
were not necessary. 
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7. FUTURE WORK 
Initial work on NR compounds showed that FR mixtures of ATO and DBBO 
at low loadings (30 %) certainly improved the flame resistance as indicated by LO! 
and UL-94 tests. However, when considering practical formulations, the usage is 
limited because brominated compounds are quite expensive. Additionally in terms of 
smoke evolution, this synergistic combination produced smoke and toxic gases. 
Replacement of ATO with ZHS in NR containing chlorinated paraffin did not show 
an increase in the LO! but interestingly gave a reduction in smoke density at higher 
loadings. Therefore, further investigations on the usage of tin-based FRs as a smoke 
suppressant and flame retardant could be beneficial for other elastomers. 
In the rubber industry there is a wide range of applications which utilise blends 
of rubber for the purpose of specific properties. The possibility of using blends of CR 
with EV A, blends of CR with NRlSBR or blends of EPDM with NR, would probably 
be essential in any future study. Since blending has always been a common practice to 
overcome the limitation in one property, it would be worthwhile observing the effect 
of tin-based FR, perhaps with other combination ofFR especially ATHlMg(OH)2, on 
these blends. 
It has also been noted that ATH is a non-toxic FR, which is normally preferred 
over brominated compounds. In this study, the use of considerable amounts of ATH 
(100-140 phr) in NR has shown it to be detrimental to the mechanical properties, and 
difficult to process. Moreover the adhesion between higher loadings of ATH and the 
rubber matrix was very poor. There are several alternatives, which would be worthy 
of further study such as the use of coupling agents or ATH with surface treatment. 
Addition of ATH in combination with Mg(OH)2 to provide synergistic effects could 
also be studied. 
The use of other additives such as zinc borates, molybdenum oxide, iron oxide 
and recently nanoc1ay filler have all given promising results as smoke suppressants. 
For instance, the use of nanoclay filler in EV A has shown a significant improvement 
in smoke suppression due to its ability to form a strong char. Further investigation into 
this type of additives/filler and in combination with hydrated fillers and tin 
compounds in NR and synthetic elastomers would also be beneficial. 
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When used at high loadings, plasticisers play an important role in reducing a 
compound's viscosity to enable it to be easily processed. However, it is also known 
that most plasticisers affect the flammability of these compounds. Studies should be 
undertaken to determine the appropriate level of plasticiser to impart the benefit 
without affecting the mechanical and FR properties. Cerec10r 70 used in this study 
acted as a FR but also functioned as a plasticizer, which in turn lowered the properties 
when used at high levels. In this case, other replacements should be considered. 
This study was focused on research into adding FR additives in gum 
formulation and the evaluation of the flammability behaviour and mechanical 
properties. However, in real applications such as belting and cables, formulations 
comprise of either carbons or silica filler. Normally the common formulation will 
incorporate carbon filler as reinforcement to the rubber compounds. It would be 
advisable that the effect of FRs on these types of formulations were also studied. This 
is because carbon fillers can also contribute to the flammability of a particular 
compound and are recognised to impart undesirable afterglow phenomena. 
It is necessary to understand how fire retardants work in delaying the 
propagation of burning. In this work TGA was used to provide data on the thermal 
stability of the compounds filled with FR. In some cases, the evaluation of the TGA 
curves was complex and the interpretation was uncertain. Therefore, other combined 
techniques are essential as complementary. TGA-FTIR, EGA (evolved gas analysis) 
and TGA-MS (mass spectroscopy) can be helpful to detect the chemical composition 
of decomposition products or gas element present. These techniques are important to 
be able to understand the mechanisms for the action of the ZHS/ZS or other FRs in 
any polymer system. 
From visual observations, it was evident that CR burns with dense smoke and 
soot. It would also be interesting to find out whether the tin-based FR could reduce 
the smoke evolution in CR practical formulations. Further insight into the smoke 
evolution of such compounds would be better accessed using a NBS-smoke box. 
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Finally in addition to measuring the general fire hazards, it is important to 
measure the carbon dioxide and carbon monoxide output, and heat release rates from 
burning products. Common laboratory methods are not able to provide this valuable 
data. Modern equipment such as the cone-calorimeter should be widely used for 
future evaluation. With such evaluations it should be possible to predict performance 
in real fire situations which is vital for end use applications." 
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APPENDIX 
APPENDIX A: COMPOUND FORMULATIONS AND 
MIXING STAGES FOR NR AND NWRT 
COMPOUNDS 
APPENDIX B: FULL RESULTS OF THE MECHANICAL 
PROPERTIES FOR COMPOUNDS 6 - 55 
J 
APPENDIX A 
COMPOUND FORMULATION AND MIXING CONDITIONS 
Compound ID 
12 I 13 
Stage one mixing 
Roll temperature, °C 49 51 Before mixing started 
Mastication time of the raw 
elastomer, min (before the 5 6 
ingredients were added) 
SMRL (phr) 100 100 
ATH (phr) - 60 
Stearic Acid (phr) 2 2 
Santoflex 13 (phr) 1 1 
Mixing time, min 14 ca. 44 
Compound temperature, °C 74-75 68-74 (after mixing ended) 
Roll temperature, °C 56 59 
Stage two mixing 
Roll temperature, °C 50 50 
Before mixing re-started 
Compound temperature, °C 36-40 38-40 (before mixing re-started) 
Santocure CBS (phr) 1.0 1.0 
Sulphur (phr) 2.5 2.5 
Zinc Oxide (phr) 5.0 5.0 
Mixing time, min 13 12.5 
Totalrnixing time, rnin 
istageiS'i &; 2) " ".". """ " " -27 - 56.5 
Compound temperature, °C 63-68 68-69 (after mixing ended) 
Roll temperature, °C (after 55 55 
mixing ended) 
. APPENDIX A 
Compound ID 
17 I 18 19 20 I 21 
Stage one mixing 
Roll temperature, °C 57 42 50 52 40 
Before mixing started 
Mastication time of the raw 
elastomer, min (before the 5 5 6 5 5 
ingredients were added) 
SMRL (phr) 100 100 100 100 100 
Zinc Oxide (phr) 5 5 5 5 5 
Stearic Acid (phr) 2 2 2 2 2 
Santoflex 13 (phr) 1 1 1 1 1 
ZHS (phr) 0 2 4 6 10 
Mixing time, min -16 -19 -19.25 -19.58 -22.16 
Compound temperature, °C (after 74 73 76 73 70 
mixing ended) 
Roll temperature, °C 65 60 66 69 62 
Stage two mixing 
Roll temperature, °C 64 52 55 54 51 
Before mixing re-started 
Compound temperature, °C (before 45 24-38. 25-37 35-40 27-30 
mixing re-started) 
Santocure CBS (phr) 1.0 1.0 1.0 1.0 1.0 
Sulphur (phr) 2.5 2.5 2.5 2.5 2.5 
Mixing time, min 7 6.28 -6.56 -6.68 -7 
. . 
Total mixing time, min (stages 1 & 2) -23 -25.28 -25.81. -26.26 :-29.16 .. 
. 
Compound temperature, °C (after 78 68 71 71 68 
mixing ended) 
Roll temperature, °C (after mixing 66 57 58 60 55 
ended) 
APPENDIX A 
Compound ID 
22 I 23 24 25 
Stage one mixing 
Roll temperature, °C 46 44 44 45 Before mixing started 
Mastication time of the raw 
elastomer, min (before the 4 4 4 4 
ingredients were added) 
SMRL(Dhr) 100 100 100 100 
Zinc OxideCohr) 5 5 5 5 
Stearic ACidfPhr) 2 2 2 2 
Santoflex 13 fPhr) 1 1 1 1 
ZHSfPhr) - 4 - -
C70 (ohr) - - 20 40 
Mixing time, min -13.16 15.5 17.2 18.3 
Compound temperature, °C (after 69 70 72 71 
mixing ended) 
Roll temDerature, °C 58 58 60 . 57 
Stage two mixing 
Roll temperature, °C 46 48 49 45 Before mixing re-started 
Compound temperature, °C (before 24-32 29-35 34-37 28-33 
mixing re-started) 
Santocure CBS (ohr) 1.0 1.0 1.0 1.0 
Sulohur (ohr) 2.5 2.5 2.5 2.5 
Mixing time, min 6 6 -7 6.33 
Total mixing time, min (stages 1& 2) -19.6 21.5 24.2 24:63 
Compound temperature, °C (after 64 69 70 62 
mixing ended) 
Roll temperature, °C (after mixing 52 52 54 50 
ended) 
APPENDIX A 
Compound ID 
26 27 28 29 
Stage one mixing 
Roll temperature, °C 45 48 46 44 
Before mixinKstarted 
Mastication time of the raw 
elastomer, min (before the 4 5 4.5 4 
ingredients were added) 
SMRLi£hr) 100 100 lOO lOO 
Zinc OxideJphr) 5 5 5 5 
Stearic Acid (phr) 2 2 2 2 
Santoflex 13 (phr) 1 I 1 1 
ZHS (phr) 
-
4 4 4 
DBBO (phr) 20 - - 20 
C70 (phr) - 20 40 -
Mixing time, min -16 18 19 -16.8 
Compound temperature, °C (after 75 69 70 74 
mixing ended) 
Roll temperature, °C 60 60 60 60 
Sta~e two mixin~ 
Roll temperature, °C 49 48 48 47 Before mixing re-started 
Compound temperature, °C (before 32-36 38-43 38-45 32-34 
mixing re-started) 
Santocure CBS (phr) 1.0 1.0 1.0 1.0 
Sulphur(phr) 2.5 2.5 2.5 2.5 
Mixing time, min 6 6 6 6 
Total mixing time, min (stages 1& 2) ~22 24 25 . -22.8. . 
Compound temperature, °C (after 69 65 69 69 
mixing ended) 
Roll temperature, °C (after mixing 55 51 51 60 
ended) 
APPENDIX A 
Compound ID 
30 I 31 I 32 33 34 
Stage one mixin& 
Roll temperature, °C 44 45 46 42 44 Before mixing started 
Mastication time of the raw 
elastomer, min (before the 5 4 5 4 4 
ingredients were added) 
SMR L (phr) 100 100 100 lOO 100 
Zinc Oxide (phr) 5 5 5 5 5 
Stearic Acid (phr) 2 2 2 2 2 
Santoflex 13 (phr) 1 1 1 1 I 
ZHS (phr) 20 - - 20 -
ZS (phr) - 20 - - -
ATO (phr) - - 20 - 20 
Cereclor 70 (phr) - - - 40 40 
Mixing time, min -16.8 -17 -17 -20 -21 
Compound temperature, °C (after 75 74 70 66 60 
mixing ended) 
Roll temperature, °C 60 60 58 57 50 
Stage two mixing 
Roll temperature, °C 64 47 49 47 47 Before mixing re-started 
Compound temperature, °C (before 33-35 28-30 34-36 34 32-34 
mixing re-started) 
Santocure CBS (phr) l.0 l.0 l.0 l.0 l.0 
Sulphur (phr) 2.5 2.5 2.5 2.5 2.5 
Mixing time, min 6 -6 -6 6 -6 
Total mixing time, min (stages 1& .. ' " '., 
-23 .. . -27 .. -23 r ,' • '"'-23 -26 2) . '. . . 
. . 
. . 
. ; . 
Compound temperature, °C (after 63 66 67 65 71 
mixing ended) 
Roll temperature, °C (after mixing 54 53 51 51 58 
ended) 
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Compound ID 
35 36 
Stage one mixin~ 
Roll temperature, QC 46 45 
Before mixing started 
Mastication time of the raw 
elastomer, min (before the 4 6 
ingredients were added) 
SMRL~hrl 100 100 
Zinc Oxide (phr) 5.0 5.0 
Santoflex 13 (phr) 1 1 
ZHS (phr) 4 4 
ATH (phr) 60 60 
Stearic Acid (phr) 2 2 
Cerec10r 70 (phr) 20 -
DBBO (phr) - 20 
Mixing time, min 30 -29 
Compound temperature, QC N/A 72 (after mixin~ endedl 
Roll teqerature, QC N/A 60 
Stage two mixing 
Roll temperature, QC 50 50 
Before mixing re-started 
Compound temperature, QC 26-32 35-40 (before mixing re-started) 
Santocure CBS (phr) 1.0 1.0 
Sulphur (phr) 2.5 2.5 
Mixing time, min 6.5 6 
Tota,1 mixing time, inin 
(stages 1& 2} ' .. - 36.5 - 35· 
Compound temperature, QC 66 70 (after mixing ended) 
Roll temperature, QC (after 55 57 
mixing ended) 
APPENDIX A 
MIXING PROCEDURE IN THE INTERNAL MIXER 
Compound ID 
37 38 39 40 41 I 42 
Step one mixing 
Ingredients added: 
SMRL,phr 100 100 100 100 100 100 
Zinc oxide, phr 5 5 5 5 5 5 
Santoflex 13, phr 1 1 1 1 1 1 
Y2 Stearic acid, phr 2 2 2 2 2 2 
Ram lowered 
Mixing time (s) 60 60 60 60 60 60 
Step two mixing 
Ingredients added: 
Yz ATH, phr - 140 100 90 100 90 
ZHS,phr - - - 10 - 10 
Ram lowered 
Mixing time (s) 90 90 90 90 90 90 
Step three mixing 
Ingredients added: 
Yz Stearic acid .y .y .y .y .y .y 
YzATH - .y .y .y .y .y 
C70, phr - - 40 40 - -
DBBO, phr - - - - 40 40 
Ram lowered 
Mixing time, (s) 223 223 223 223 223 223 
Step four mixing 
Curatives added: 
CBS 1 1 1 1 1 1 
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 
Ram lowered 
Mixing time (s) 47 47 47 47 47 47 
Total mixing time, (s) 420 420 420 420 420 420 
APPENDIX A 
MIXING PROCEDURE IN THE INTERNAL MIXER 
CompoundJD 
43 44 45 46 
Step one mixing 
Ingredients added: 
SMRL,phr 100 100 100 100 
Zinc oxide, phr 5 5 5 5 
Santoflex 13, phr 1 1 1 1 
Yz Stearic acid, phr 2 2 2 2 
Ram lowered 
Mixing time (s) 60 60 60 60 
Step two mixing 
Ingredients added: 
Y2ATH, phr 130 125 130 120 
ZHS,phr 10 15 - 10 
CL20,phr 
- - 10 10 
Ram lowered 
Mixing time (s) 90 90 90 90 
Step three mixing 
Ingredients added: 
Yz Stearic acid 
..J ..J ..J ..J 
YzATH 
..J ..J ..J ..J 
Ram lowered 
Mixing time, (s) 223 223 223 223 
Step four mixing 
Curatives added: 
CBS 1 I I 1 
Sulphur 2.5 2.5 2.5 2.5 
Ram lowered 
Mixing time (s) 47 47 47 47 
Total mixing time, (s) 420 420 420 420 
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Compound ID 
47 48 49 50 51 
Sta e one mixing 
Roll temperature, °C 43 43 35 31 36 Before mixing started 
Mastication time of the raw e1astomer, 
min (before the ingredients were added) 3 3.58 2 3 4 
CR (phr) 100 100 100 100 100 
MgO (phr) 4 4 4 4 4 
Antioxidant (phr) 2 2 2 2 2 
Stearic Acid" (Plrr) 1 1 1 1 1 
Bromine compound (phr) 0 3.75 7.5' 11.25 15 
Antimony trioxide (phr) 0 1.25' - - -
Mixingtime, min 10 15 16.5 15 22 
Compound temperature, °C (after mixing 60 N/A 64 55 56 
ended) -
Roll temperature, °C 51 N/A 41 45 46 
Sta~e two mixing 
Roll temperature, °C 44 N/A 35 N/A N/A Before mixing re-started 
Compound temperature, °C (before 34-37 N/A N/A N/A N/A 
mixing re-started) 
Antimony trioxide" (A TO) (phr) - - 2.5 3.75 5 
TMTM(phr) 0.6 0.6 0.6 0.6 0.6 
DPG (phr) - 0.6 0.6 0.6 0.6 0.6 
Sulphur (phr) 1.2 1.2 1.2 1.2 1.2 
Zinc Oxide (phr) 5.0 5.0 5.0 5.0 5.0 
Mixing time, min 20 34 25 39 23 
Total mixing timec, min (stages 1 & 2) 
-30 -49 -41.5 .-54 :""45 
Compound temperature, °C (after mixing 60 50 52 50 46-50 
ended) 
Roll temperature, °C (after mixing ended) 50 50 38 38 45 
, The compound stuck severely on the two-roll mill and transferred to the back roll 
b Stearic acid was added after adding antioxidant bit by bit throughout the mixing process 
C The mixing time might include the time to release the compound from the mill 
* A TO was added first then the bromine compound 
_. 
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Compound ID 
52 53 54 I 55 
Stage one mixing 
Roll temperature, °C 33 34 34 40 Before mixing started 
Mastication time of the raw elastomer, 
min (before the ingredients were added) 3 3 3 3 
CR (phr) lOO 100 100 100 
MgO (phr) 4 4 4 4 
Antioxidant (phr) 2 2 2 2 
Stearic Acid" (phr) 1 1 1 1 
ZHS (phr) - 2.5 
- -
Bromine compound (phr) 0 - - 7.5 
Antimony trioxide (phr) 0 . 2.5" 2.5 " 
Mixing time, min 9 10.5 11 11.75 
Stage two mixing 
TMTM(phr) 0.6 0.6 . 0.6 0.6 
DPG(phr) 0.6 0.6 0.6 0.6 
Sulphur (phr) 1.2 1.2 1.2 1.2 
Zinc Oxide (phr) 5.0 5.0 5.0 5.0 
Mixing time, min -10 -10 -10 -12 
Total mixing time, min (stages 1& 2) . ,,"' . .' " -19 . -20,5 ....:..2b. 
. 
",23.75-
Roll temperature, °C (after mixing ended) 47 47, 46 49 
" The compound stuck severely on the two-roll mill and transferred to the back roll 
b Stearic acid was added after adding antioxidant bit by bit throughout the mixing process 
APPENDIX B 
RESULTS FOR COMPOUNDS 6 - 11 
A. Tensile Strength (MPa) 
Compounds ID 6 7 8 9 10 11 
FR Mixtures (%) 0 5 10 15 20 30 
Sample 1 24.4 . 21.9 24.0 23.4 21.6 19.9 
2 25.3 23.4 26.7 24.7 22.4 22.2 
3 25.9 25.5 28.5 24.9 23.2 23.7 
Median 25.3 23.4 26.7 24.7 22.4 22.2 
B. Elongation at Break (%) 
Compounds ID 6 7 8 9 10 11 
FR Mixtures (%) 0 5 10 15 20 30 
Sample 1 1704 1610 1690 1583 1584 1684 
2 1684 1622 1632 1586 1590 1807 
3 1605 1722 1574 1586 1558 1739 
Median according 1684.4 1622.4 1573.6 1586.4 . 1590 1807.2 
to Tensile results 
C. Tear Strength (kJrn-2), Tear Rate (R) = 0.83 mms·l 
Compounds ID 6 7 8 9 10 11 
FR Mixtures (%) 0 5 10 15 20 30 
Sample 1 10 11 13 11 12 12 
2 10 11 13 14 12 13 
3 12 12 14 14 13 14 
4 12 14 15 15 13 15 
5 12 20 16 16 16 15 
Median 12 12 14 14 13 14 
Range 2 9 3 5 4 3 
D. Cyclic Fatigue Life (Kilocycles - (kc» 
Compounds ID 6 7 8 9 10 11 
FR Mixtures (%) 0 5 10 15 20 30 
Sample 1 176.2 129.9 200.5 158.3 110.7 129.3 
2 180.5 160.4 202.3 168.3 161.9 140 
3 186.7 191.6 206.9 187.2 169.6 141 
4 187.7 182.3 207.5 191.7 172.4 142.2 
5 192.4 216.3 225.1 19S.4 173.2 148.5 
6 194.2 22S.3 256.4 201.4 IS0.5 174.5 
7 221 265.3 261.1 201.4 190 199.7 
8 299.3 269.2 261.5 - 209 213 
Median 190 204 216.3 191.7 172.S 145.4 
SDEV 40.5 49.5 27.5 17 28.3 31 
Mean 204.8 204.2 227.7 IS6.7 170.9 161 
APPENDIX B 
E. Hardness (Shore A) 
c ompoun d6 c ompoun d7 
A B C A B C 
36 35 37 35 34 35 
36 35 35 34 35 36 
37 37 35 35 36 35 
Mean 35.9 Mean 35 
c ompoun d8 c ompoun d9 
A B C A B C 
38 36 35 37 36 36 
38 37 37 36 36 38 
37 38 39 36 37 37 
Mean 37.2 Mean 36.6 
c ompoun d 10 c ompoun dll 
A B C A B C 
40 35 36 39 38 36 
37 35 37 38 37 35 
38 35 37 41 35 35 
Mean 36.7 Mean 37.1 
APPENDIX B 
RESULTS FOR COMPOUNDS 12 - 13 
A. Vulcanisation Characteristics 
Compounds ID 12 13 
ATH, phr 0 60 
Rheometer Characteristics at 160°C 
ls2 (min) 6.3 4.9 
10(90) (min) 10.8 8.2 
10(95) (min) 11.5 8.7 
MddN.m 8.5 7.9 
MHF(dN.m) 67.2 87.4 
IJ. (MHF - Md, dN.m 58.7 79.6 
ML(1+4) 100°C, Units 30.2 34.2 
Cure rate index ,min" 19.2 26.0 
B. Tensile Strength (MPa) 
Compounds ID 12 13 
ATH (phr) 0 60 
Sample 1 23.8 17.4 
2 24.2 18.5 
3 24.9 19.9 
Median 24.2 18.5 
C.Elongation at Break (%) 
Compounds ID 12 13 
ATH (phr) 0 60 
Sample 1 1539 1215 
2 1618 1278 
3 1670 1285 
Median according 1618 1278 
to Tensile results 
D. Tear Strength (kJm·2), Tear Rate (R) = 0.83 rnrns'! 
Compounds ID 12 13 
ATH (phr) 0 60 
Sample 1 10 8 
2 10 8 
3 12 8 
4 12 9 
5 12 12 
Median 12 8 
Range 2 4 
APPENDIX B 
E. Cyclic Fatigue Life (Kilocycles - (kc» 
Compounds ID 12* 13 
ATH (phr) 0 60 
Sample 1 176.2 118.6 
2 180.5 113.4 
3 186.7 71.1 
4 187.7 120.8 
5 192.4 112.6 
6 194.2 124.9 
7 221 43.4 
8 299.3 118.6 
Median 190 113.4 
SDEV 40.5 31.03 
Mean 204.8 100.7 
*Data from Compound 6 
F. Hardness (Shore A) 
C ompoun d 12 C ompoun d 13 
A B C A B C 
43 40 42 54 55 56 
41 42 39 54 55 55 
39 40 39 54 54 54 
Mean 40.6 Mean 54.6 
APPENDIX B 
RESULTS FOR COMPOUNDS 14 - 16 
A. Tensile Strength (MPa) 
Compounds ID 14 15 16 
ATH (phr) 60 100 140 
Sample I 22.12 16.59 15.43 
2 23.82 17.03 15.61 
3 25.13 19.02 15.68 
Median 23.8 17.0 15.6 
B. Elongation at Break (%) 
Compounds ID 14 15 16 
ATH (phr) . 60 100 140 
Sample 1 1360 1234 1111 
2 1384 1215 1135 
3 1402 1265 1106 
Median according 1384 1215 1135 
to Tensile results 
C. Tear Strength (kJm-2), Tear Rate (R) = 0.83 mms·1 
Compounds ID 14 15 16 
ATH (phr) 60 100 140 
Sample 1 11 20 14 
2 12 21 18 
3 12 25 20 
4 12 30 26 
5 12 31 28 
Median 12 25 20 
Range 1 11 14 
D. Cyclic Fatigue Life (Kilocycles - (kc» 
Compounds ID 14 15 16 
ATH (phr) 60. 100 140 
Sample 1 45.6 38.5 33.7 
2 49.7 39.5 41.7 
3 56.5 43.6 44.0 
4 58.7 52.5 48.6 
5 60.8 52.9 49.1 
6 74.1 62.3 50.5 
7 80.7 62.5 62.0 
8 94.5 68.3 63.2 
Median 59.7 52.7 48.9 
SDEV 16.6 11.3 9.9 
Mean 65.1 52.5 49.1 
. 
APPENDIX B 
E. Hardness (Shore A) 
c ompound 14 C ompound 15 
A B C A B C 
55 55 55 60 60 60 
54 56 56 62 60 60 
54 56 54 61 60 59 
Mean 55 Mean 60 
C d 6 ompoun 1 
A B C 
66 66 68 
65 67 67 
65 66 69 
Mean 67 
APPENDIX B 
RESULTS FOR COMPOUNDS 17 - 21 
A. Tensile Strength (MPa) 
Compounds ID 17 18 19 20 21 
ZHS,phr 0 2 4 6 10 
Sample 1 26.6 29.2 27.0 28.4 28.9 
2 29.1 29.7 28.9 28.7 28.9 
3 30.8 32.6 30.2 29.0 29.2 
Median 29.1 29.7 28.9 28.7 28.9 
B. Elongation at Break (%) 
Compounds ID 17 18 19 20 21 
ZHS,phr 0 2 4 6 10 
Sample 1 1788 1733 1789 1721 1677 
2 1789 1707 1707 1749 1728 
3 1676 1749 1703 1691 1721 
Median according 1789 1707 1707 1749 1728 
to tensile results 
APPENDIX B 
RESULTS FOR COMPOUNDS 22 - 29 
A. Tensile Strength (MPa) 
Compounds ID 22 23 24 25 26 27 28 
. ZHS, phr - 4 - - - 4 4 
ATO, phr - - - - - - -
C70, phr - - 20 40 - 20 40 
DBBO, phr - - - - 20 - -
Sample 1 29.3 27.7 25.6 11.6 27.7 26.0 15.8· 
2 29.9 28.3 24.5 11.3 26.0 20.4 -
3 28.3 25.3 25.9 - 26.7 25.8 -
Median 29.3 27.7 25.6 11.6 26.7 25.8 15.8 
B. Elongation at Break (%) 
Com~ounds ID 22 23 24 25 26 27 28 
ZHS, phr - 4 - - - 4 4 
ATO, phr - - - - - - -
C70; phr 
- -
20 40 - 20 40 
DBBO, phr - - - - 20 - -
Sample 1 1600 1714 1749 1623 1651 1833 1581 
2 1628 1695 1706 1617 1604 1694 -
3 1653 1592 1733 - 1660 1871 -
Median according 1600 1714 1749 1623 1660 1871 1581 
to Tensile results 
Note: Samples 25 and 28 fractured not within the gauge length but on the grip of the 
rubber samples. 
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-
-
20 
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APPENDIX B 
RESULTS FOR COMPOUNDS 30 - 34 
A. Tensile Strength (MPa) 
Compounds ID 30 31 32 33 34 
ZHS, phr 20 - - 20 -
ZS, phr - 20 - - -
ATO, phr - - 20 - 20 
C70, phr 
-
- - 40 40 
Sample 1 26.7 27.6 28.6 21.8 7.8 
2 25.8 27.6 28.9 17.8 9.7 
3 28.7 27.2 30.5 13.5 8.0 
Median 26.7 27.6 28.6 21.8 8.0 
B. Elongation at Break (%) 
Compounds ID 30 31 32 33 34 
ZHS, phr 20 - - 20 -
ZS, phr - 20 - - -
ATO, phr - - 20 - 20 
C70, phr 
- - -
40 40 
Sample 1 1649 1612 1705 1867 1389 
2 1643 1620 1675 1830 1550 
3 1659 1625 1682 1561 1473 
Median according 1649 1620 1705 1867 1473 
to Tensile results 
APPENDIX B 
RESULTS FOR COMPOUNDS 35 - 36 
A. Tensile Strength (MPa) 
Compounds ID 35 36 
ZHS, phr 4 4 
ATH, phr 60 60 
DBBO, phr 0 20 
C70, phr 20 0 
Sample 1 23.1 21.8 
2 21.1 21.8 
3 22.2 20.2 
Median 22.2 21.8 
B. Elongation at Break (%) 
Compounds ID 35 36 
ZHS, phr 4 4 
ATH, phr 60 60 
DBBO, phr 0 20 
C70, phr 20 0 
Sample 1 1325 1236 
2 1305 1253 
3 1311 1215 
Median according 1311 1236 
to Tensile results 
APPENDIX B 
RESULTS FOR COMPOUNDS 38 - 42 
A. Tensile Strength (MPa) 
Com~ounds ID 38 39 40 41 42 
ATH, phr 140 100 90 100 90 
C70, phr - 40 40 - -
DBBO, phr - - - 40 40 
ZHS, phr - - 10 - 10 
Sample 1 15.7 19.9 20.0 15.7 16.1 
2 15.7 20.9 19.6 163 16.3 
3 14.0 18.5 20.0 16.5 15.3 
Median 15.7 19.9 20.0 16.3 16.1 
B. Elongation at Break (%) 
Compounds ID 38 39 40 41 42 
ATH, phr 140 100 90 100 90 
C70, phr - 40 40 - -
DBBO, phr - - - 40 40 
ZHS, phr - - 10 - 10 
Sam~le 1 951 1262 1263 1090 1110 
2 936 1260 1217 1102 1089 
3 853 1258 1253 1107 1140 
Median according 936 1262 1263 1102 1110 
to tensile results 
APPENDIX B 
RESULTS FOR COMPOUNDS 37, 38, 43 - 46 
A. Tensile Strength (MPa) 
Compounds ID 37 38 43 44 45 46 
ATH, pbr - 140 130 125 130 120 
ZHS, pbr - - 10 15 - 10 
CL20, pbr - - - - 10 10 
Sample 1 29.2 15.7 14.7 14.1 15.0 14.8 
2 28.1 15.7 15.8 14.9 14.6 16.0 
3 28.9 14.0 14.7 15.4 14.6 15.7 
Median 28.9 15.7 14.7 14.9 14.6 15.7 
B. Elongation at Break (%) 
. Compounds ID 37 38 43 44 45 46 
ATH, pbr - 140 130 125 130 120 
ZHS, pbr - - 10 15 - 10 
CL20, pbr - - - - 10 10 
Sample 1 1560 951 891 853 785 738 
2 1514 936 926 ·870 766 786 
3 1527 853 874 882 765 790 
Median 1527 936 874 870 766 790 
APPENDIX B 
RESULTS FOR COMPOUNDS 47-51 
A. Tensile Strength (MPa) 
Compounds ID 47 48 49 50 51 
FRMixtures (%) 0 5 10 15 20 
Sample 1 3.33 7.09 9.18 15.6 10.1 
2 4.13 7.12 11.96 15.8 10.9 
3 4.71 9.59 12.05 14.8 11.5 
Median 4.1 7.1 12.0 15.6 10.9 
B. Elongation at Break (%) 
Compounds ID 47 48 49 50 51 
FR Mixtures (%) 0 5 10 15 20 
Sample 1 647 1049 1258 1630 1344 
2 730 1094 1466 1618 1388 
3 912 1263 1428 1610 1448 
Median according 730 1094 1466 1630 1388 
to Tensile results 
C. Tear Strength (kJm-2), Tear Rate (R) = 0.83 mms·1 
Compounds ID 47 48 49 50 51 
FR Mixtures (%) 0 5 10 15 20 
Sample 1 4 3 3 3 4 
2 5 4 3 4 4 
3 5 4 3 4 4 
4 5 5 3 4 5 
5 6 5 5 4 10 
Median 5 4 3 4 4 
Range 2 2 2 1 6 
D. Cyclic Fatigue Life (Kilocycles - (kc)) 
Compounds ID 47 48 49 50 51 
FR Mixtures (%) 0 5 10 15 20 
Sample 1 7.2 5.0 5.7 3.1 5.6 
2 7.2 7.1. 5.9 6.0 6.1 
3 8.5 7.2 6.5 6.3 6.3 
4 8.7 7.9 7.4 7.8 7.2 
5 8.7 8.5 8.1 8.9 7.9 
6 9.6 10.0 11.8 9.3 8.1 
7 10.7 11.1 12.2 10.2 8.7 
8 12.1 13.6 13.0 12.1 10.0 
Median 8.7 8.2 7.7 8.3 7.5 
SDEV 1.682215 2.681095 2.992642 2.791362 1.4741 
Mean 9.1 8.8 8.8 8.0 7.5 
APPENDIX B 
E. Hardness (Shore A) 
C d47 ompoun Compound 48 
A B C A B C 
52 53 52 53 53 48 
52 53 48 54 53 50 
53 54 48 52 53 50 
Mean 51.7 Mean 51.8 
C ompoun d49 C ompoun d 50 
A B C A B C 
50 52 52 52 51 52 
53 53 53 53 52 52 
51 52 54 54 53 53 
Mean 52.2 Mean 52.4 
C d 51 ompoun 
A B C 
53 55 55 
53 54 52 
53 55 55 
Mean 53.9 
APPENDIX B 
RESULTS FOR COMPOUNDS 52-55 
A. Tensile Strength (MPa) 
Compounds ID 52 53 54 55 
ATO, phr - - 2.5 2.5 
ZHS, phr - 2.5 - -
DBBO, phr - - - 7.5 
Sample 1 15.3 14.0 16.4 13.6 
2 14.6 16.8 14.3 14.9 
3 16.7 15.0 14.5 11.6 
Median 15.3 15.0 14.5 13.6 
B. Elongation at Break (%) 
Compounds ID 52 53 54 55 
ATO,phr - - 2.5 2.5 
ZHS,phr - 2.5 - -
DBBO, phr - - - . 7.5 
Sample 1 1836 1933 1828 1676 
2 1772 2018 1831 1866 
3 1891 1871 1899 1613 
Median according 
1836 1871 1899 1676 to tensile results 


